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A JJL-TR-70-84 

ABSTRACT 

The majority of the airfield pavements supporting current Air Force operations 
were designed and built during the two decades spanning the 1940's and 19SO's. 
The nature of the aircraft for which these early pavements were designed is 
substantially different than the planes currently in service and the much 
heavier aircraft, such as the C-5A, anticipated for use in the future. To 
accommodate the heavier repeated wheel loads of the future, many of the airfield 
pavements currently in service will have to be strengthened. Possible schemes 
for improving the load-carrying capacity and performance of existing pavements 
fall into two broad categories: (1) conventional overlaying operations and (2) 
strengthening of the soil beneath the existing pavement structure with a minimum 
of disturbance to the existing pavement structure. In this report, the ability 
of various stabilization procedures to provide strength improvement to in-place 
subgrades was examined. Included in the stabilization procedures examined were: 
electrical methods (electro-osmosis and electro-chemical), cement and chew~cal 
grouting procedures, lime stabilization procedures (drilled-hole and pressure 
injection) and a number of new techniques. A tentative evaluation, subject to 
review and revision upon completion of the scheduled laboratory studies, indi
cates that certain grouting procedures and lime stabilization procedures offer 
the most potential for accomplishing strengthening of in-place subgrade materials. 

(Distribution Limitation Statement No. 3) 
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SECTION I 

INTRODUCTION 

GENERAL 

The majority of airfields supporting current Air Force operations 

were destined and built during the two decades spanning the 1940's and 

1950's. These airfield$ are approaching the end of their design life and 

are consequently requiring increased maintenance and repair. The nature 

of the aircraft for which these early pavemento were designed obviously 

is substantially different than the modem Air Force planes currently in 

service. Perhaps the moat severe loadina conditions to be anticipated in 

the future are usociated with the very heavy multi-wheeled transport air

craft such as the C-5A. These large aircraft, with groes weights approach

ing one million pounds and landing gears with upward of 30 tires, are 

s\i>stantially different than the aircraft for which a large number of 

airfield pavements were originally designed. 

It is obvious that many of the pavements currently in service will 

have to be strengthened in order to accommodate heavy repeated wheel loads 

such as those associated with the C-5A. Possible schemes for improving 

the load-carrying capacity and the performance of existing pavements fall 

into two broad categories. The first category is the conventional opera

tion of overlaying the pavement with asphalt concrete or portland cement 

concrete. The second category, one which this study will consider in 

detail, is to stabilize the soil beneath the existing pavement structure. 

It is envisaged that deep layer stabilization .techniques may be of value 

for strengthening isolated weak areas in an existing pavement and also in 

more extensive applications. 

The objective of this project is to evaluate existing soil stabiliza

tion techniques and procedures and to attempt to develop a technique(s) for 

increasing the strength of the soil beneath existing airfield pavements 

without extensively damaging the upper pavement layers an.d surface. 
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REPORT OBJECTIVE 

The objective of this report is to establish a technical data base 

~etall ing that soil stabilization technology having direct appl icatlon to 

stabilizing deep soil layers in pavement systems without disturbing the 

pavement surfacing and base courses. Existing state of the art knowledge 

is reviewed and evaluated along with several new concepts of possible merit. 

REPORT ORGANIZATION 

A general evaluation of the deep-layer stabilization problem is 

discussed In Section 11. Attention is focused on pavement structural 

behavior. 

Basic approaches that may possibly provide a subgrade strength equiva

lent to a CBR of 20 percent are cited In Section 111. General concepts of 

stabilizer distribution are discussed in light of pavement structural 

behavior. 

Section IV contains a detailed review of various stabll izatlon 

procedures, both current and new. Attention ls given to both theoretical 

and laboratory findings and practical field application. Benefits and 

limitations of each technique are also reviewed. 

The techniques discussed in the previous section are evaluated In 

Section V, in light of project objectives. 
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SECTION II 

EVALUATION OF THE PROBLEM 

GENERAL 

It Is anticipated that the typical subgrade soils beneath most 

existing inadequate pavements will probably be fine-grained materials with 

I lmlted ln•sltu strength. Such subgrades obviously wl11 be the most diffi• 

cult to Improve. The Air Force Weapons Laboratory (AFWL) has indicated 

that the technique developed for stabilizing the In-situ subgrade soils 

beneath the pavement structure should be capable of Increasing the subgrade 

strength from a typical In-situ condition of CBR 2-4 to a strength equlva• 

lent to a CBR 20 subgrade. Based on Corps of Engineer criteria (1), CBR 4 
corresponds to an unconfined compressive strength of approximately 25 psi 

and a CBR of 20 corresponds to an unconfined compressive strength of 

approximately 100 psi. Thus, an overall compressive strength increase of 

approximately 75 psi must be effected in the subgrade soil. It Is assumed 

that any type of stabilization procedure which will provide pavement 

structural performance equivalent to that obtained from a pavement over• 

lying a CBR 20 subgrade would also be an acceptable treatment procedure. 

PAVEMENT STRUCTURAL BEHAVIOR 

In order to determine the best type(s) of stabilization system for 

achieving subgrade strengthening and accompanying Improved pavement 

performance, it Is essential to examine the general behavior of typical 

flexible and rigid pavements when subjected to wheel loadings similar to 

those imposed by the C•5A. Theoretical analyses were conducted using a 

layered elastic system procedure. For general purposes, a wheel load of 

30 kips and a tire pressure of 100 psi were assumed to be typical for the 

C•SA. A sketch showing the landing gear configuration of the C•SA is 

presented in Figure 1 (2). 

The rigid pavement selected for evaluation was a 12-in. concrete slab 

overlying a CBR 4 subgrade. The concrete was assumed to have a modulus of 

elasticity of 3 x 106 psi, and a Poisson's ratio of 0. 15. The CBR 4 
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subgrad,J was assumed to have a modulus of elasticity of 5,000 psi and a 

P'oissor1 1s ratio of 0.50. 

';hf! f 1 ex I b 1 e pavement considered consisted of 3 in. of asp ha 1 tic 

~.m·· t £, 6- f n. of base course aggregate, and 15 in. of subbase aggregate 

·.i r ,a CBR 4 su!:>g ade. Cross sections of the rigid and flexible 

pa~·,.,; .Jr · • and the assumed properties of the materials in the various pave

ment layers are shown in Figure 2. 

The rig Id and fl ex i ble sect ions considered above were actual test 

items included In the rigid and flexible pavement test evaluations 

sponsored by AFWL at the Waterways Experiment Station (WES), Vicksburg, 

Hiss iss lppl. 

Pavement system response (vertical stress, deflection, radial stresses 

and strains) for one wheel load placed on the rigid or flexible pavement 

surface ls depicted In Figures 3 and 4 for various depths beneath the 

surface of the pavement and for various offset distances from the center 

line of the wheel. Since the basic analysis assumed an elastic system, the 

pavement response effects of other wheels In the landing gear configuration 

can be determined by algebraically adding their effects to the stresses, 

displacements, etc. associated with the wheel Initially considered. 

Several significant points should be noted relative to the data 

presented In Figures 3 and 4. 

1. Significant stresses and deflections are induced In the subgrade 

soil at substantial .offset distances and depths from the point of 

wheel load application. For example, in the rigid pavement 

sections the deflection(@ Z • 96 in.) is 0.023 in. for R • O and 

0.011 in. for R • 150 in. The surface deflection for this pave• 

ment (@ Z =- O, R = 0) Is 0.034 in. 

2. The surface deflection of both the rigid and flexible sections 

are quite large. 

3. A high percentage of the surface deflection of the pavement 

system (R • 0) Is contributed by the subgrade at depths below 

96 in. (68 percent in the rigid and 21 percent in the flexible). 
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The rigid pavement system In particular displays this type 

of behavior. 

4. The vertical compressive subgrade stresses beneath the flexible 

pavements and the radial tensile concrete stresses in the rigid 

pavements are quite high. If the effect of the other wheels in 

the gear configuration are considered, these stresses would 

further increase. 

Structural pavement behavior response effected by increasing subgrade 

support to CBR 20 for the rigid and flexible pavements is indicated in 

Figures 5 and 6. The loading conditions were a 30-klp wheel load and 

100-psi tire pressure. All stresses, deflections, etc. are for the center 

of the loaded area (R = 0). When subgrade support Is increased, surface 

deflection is greatly decreased for the rigid pavement and the radial 

tensile stress in the concrete also is reduced. Surface deflection of the 

flexible section is substantially reduced, but the radial tensile strain In 

the asphalt concrete surface course, which closely relates to fatigue life 

and pavement performance, is approximately the same. Increased subgrade 

strength and stiffness effec.t an Increase in vertical stresses in the sub• 

grade mass for both the rigid and flexible pavements. 

PERFORMANCE CRITERIA AND OVERLAYS 

Performance criteria for pavements subjected to "Jumbo Jet" wheel 

I oad i ngs have not been es tab 1 is hed and va I i dated. Va II erga and Mc Cu 11 ough (3) 

have suggested the use of radial tensile strain in the asphalt concrete and 

vertical subgrade strain as design criterion for flexible pavements and a 

concrete flexural stress criterion for rigid pavements. Corps of Engineers• 

philosophy for flexible pavement design to accommodate "Jumbo Jet" loadings 

is based on the "cover thickness" concept that has historically been 

utilized by the Corps (4). Tota] thickness requirements based on the Corps• 

philosophy are quite large for low CBR subgrades as indicated . by Figure 7. 

Fa i I ure modes arid mechan Isms for 11Junbo Jet" I oad 1 ngs have not been 

well defined. Limited data from the WES Test Sections indicate that 

punping and joint problems may be of great importance in rigid pavement 
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design and performance. It is significant to note that the probable 

influence of deep layer stabil izatlon on joint behavior, pavement faulting, 

and pumping is extremely difficult to assess. If the Corps' "cover thick• 

ness" concept is applicable to flexibl~ pavement performance for "Jumbo Jet" 

loadings, any improved material (higher CBR than the subgrade) would be 

suitable for providing cover and protection to the underlying weaker 

subgrade. 

Conventional overlay procedures have been used to upgrade existing 

pavements to accommodate "Jumbo Jet" loadings (3). Both rigid and flexible 

overlays have been utilized. Rigid overlay design criterion was flexural 

stress in the concrete. Criteria adopted for the flexible pavement for the 

flexible pavement sections were radial tensile strain in the asphalt con• 

crete and vertical compressive strain in the subgrade soil. 

The general effects of utilizing an aspha : t concrete overlay over the 

flexible pavement and the basic 12-in. concrete slab previously considered 

are illustrated in Figures 8 and 9. 

Surface deflection, radial strain in the asphalt concrete, and 

vertical subgrade compressive stress are substantially reduced by increas

ing the overlay thickness for the flexible section. 

Radial tensile stresses in the portland cement concrete are considera• 

bly reduced by increased thickness of asphalt concrete overlay for the 

rigid pavement and the surface deflections and vertical subgrade compressive 

stresses are significantly decreased but not to the same extent as radial 

tensile stresses. An additional advantage of asphalt concrete overlays 

over rigid pavements is the reduction of temperature warping stresses in 

the concrete slab. 

The effects of utilizing portland cement concrete to overlay an exist

ing concrete slab are shown in Figure 10. Surface dP.flection and radial 

tensile stress in the concrete are substantially reduced. Vertical subgrade 

stresses at the slab•subgrade interface are quite low, 2 psi for the 12-in. 

concrete slab and 0.5 psi for the 30-in. slab. 
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SECTION III 

BASIC APPROACHES 

GENERAL 

The basic requirement for deep )ayer stabi1ization is to provide a 

subgrade mass equivalent to CBR 20 soi). This requirement may possibly be 

met in two ways. One approach is to stabilize the upper portion of the 

subgrade mass in a homogeneous fashion. A second feasible concept is to 

improve zones within the s ubgrade mass in such a way that the behavio, of 

the 11zone•stab i 1 i zed11 subgrad •~ produces pavement structura1 performance 

equivalent to t ha t attained from a CBR 20 subgrade. Zone improvement wou1d 

include stabi1 izing strategic layers or columns (horizonta1, vertical, 

slanted) or zones within the soil mass, or perhaps constructing mixed-in 

p1ace stabilized soil col\Jllns within the subgrade soil mass, Figure 11. 

STABILIZER DISTRIBUTION 

It is important to note that in the deep layer stabi1ization concept 

it is highly desirable to minimize the disturbance of the overlying pave• 

ment section. Consequently, mixing and manipulation of the so:1 and 

stabilizer may be .quite 1 imited. This 1 imitation makes it very difficult 

to achieve intimate stabilized mixtures within the subgrode system although 

certain soils may be uniformly permeated by some stabi1 lzers. Consequently 

it may be difficult to achieve uniform and homogeneous stabilization 

throughout the subgrade mass. 

The problem of uniformly distributing the stabilizing material through

out the fine-grained subgrade mass is very significant relative to 

accomplish i ng the objectives of deep layer stabilization. Stabilizing 

agents can be introduced into the soil mass in several ways, inc1uding 

a) permeation of the soil mass by the flow of a 1 iquid stabilizer through 

the pores of the soil (injection process), b) migration of stabilizers from 

zones of high stabilizer concentrations (self-diffusion), c) utilization of 

electrical procedures for "pulling stabilizers" from point to point within 
I 

the soil mass, and d) direct introduction of the stabilizer into a zone 
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where mechanical mixing is being carried out. Various stabilizer 

distribution mechanisms may operate independently, or in some cases, 

perhaps in conjunction with one another. For example, permeation may take 

place if pressure injection techniques are uti1 ized and migration of the 

stabilizer may occur following the initial pressure injection placement of 

the stabi1 ize r . It also might be possible to utilize electrical techniques 

to accelerate and facilitate the movement of the stabilizer after placement. 

(See Electrical Methods, Section IV.) 

Permeation Process 

In order to examine the ability of various stabilization procedures 

such as the pressure grouting of cement and lime-water slurries, chemical 

grouts, etc. to intimately perm~ate a soil mass, it is helpful to examine 

the general nature of permeation. The theory of permeation (5) is normally 

discussed in terms of an ideal fluid. It is emphasized that many of the 

liquid stabilizers considered in this study are in reality a suspension of 

particles in a fluid transporting medium and thus will not exactly behave 

as an ideal fluid. 

The relative ability of a soil mass to accept a fluid is often 

represented by a coefficient of permeability defined by the following 

equation: 

where 

p = density of fluid 

~=viscosity of fluid 

g = acceleration due to gravity 

K = intrinsic permeabi1 ity of medium; K = Cd2 , 

C is a shape factor 

d is average pore size of medium 

k = coefficient of permeabi1 ity. 

(1) 

Examination of Equation 1 reveals that as the viscosity of the fluid 

increases the coefficient of permeabi1 ity decreases. 
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Relative to permeating a soil mass, it is desirable to be able to 

determine the rate of fluid flow into or through the soil mass. Darcy's 

equation, Equation 2, can be used to determine the velocity of flow: 

where 

V • k ,e 
i, 

V • velocity of fluid flow 

k • coefficient of permeability 

p • pressure head 

i, • length over which pressure head acts. 

The total quantity of fluid forced into a porous media can be 

determined by multiplying the velocity of fluid flow by the cross sec

tional area over which the pressure Is applied and the length of time 

during which the pressure is sustained, Equation 3: 

where 

Q • V A t 

Q • quantity of fluid flow 

A• cross sectional area over which pressure acts 

t • time of pressure application. 

(2) 

(3) 

From examination of Equation 3, It becomes apparent that an increased 

quantity of fluid flow occurs as: 

1. tlie v I scos i ty of the fluid is reduced, 

2. the pressure is increased, 

3. the coefficient of permeability is increased, and/or 

4. the time of pressure app I i cat ion (injection) is increased. 

The distance to which the porous media has been permeated by the fluid 

after a given time of applied injection pressure is an important considera

tion. Karol (6) has suggested the use of the following equation for 

determining the radial travel distance of chemical grout: 

r • 0.62ff' (4) 
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where 

r • radial distance, ft 

R • ratio of water to grout viscosity 

g = rate of grout take, ft 3/min. 

t = gel time, minutes 

n = soil porosity. 

Diffusion-Migration Process 

Diffusion or migration (used synonymously In this report) is a process 

by which ions, atoms, or molecules move randomly from one position to 

another (7). This process is analogous to the heat flow phenomena through 

a sol id media, although diffusion is generally caused by a concentration 

gradient (8). The diffusion process can occ~r within a single phase or can 

occur between phases. Diffusion of gases in liquids or solids and diffusion 

of liquids in solids are examples of lnterphase diffusion while diffusion of 

gases within a gas or diffusion of liquids within a liquid are examples of 

single phase diffusion. 

a) General Theory 

Various attempts have been made to mathematically represent the diffu• 

sion process. Fick's first law, represented by Equation 5, has been 

suggested (8) for defining one-directional movement of a substance over a 

concentration gradient: 

where 

oc 
J - -o ~ 

J = quantity that flows per unit time 

D = diffusion coefficient 

dC dx = concentration gradient. 

(5) 

For steady state diffusion, the diffusion process can be represented 

by Equation 6 (9): 

A 
J = -D L (c2- c1) {6) 
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where 

A• cross sectional area at right angles to the concentration 

gradient 

L • length over which diffusion is occurring 

t 1,c2 • concentrations at eiiher end of the specific length L. 

The coefficient of diffusion, D, is often assumed to be approximately 

constant for a given medium at a given temperature and pressure although 

this is only approximately true (8). Talme (9) has used Equation 6 In 

connection with laboratory experiments to determine the coefficient· of 

diffusion of various salt solutions in soil materials. 

b) Diffusion in Clay-Water Systems 

In deep layer stabil izatlon applications, the diffusion process in 

clay-water systems is of primary concern. The movements of ions in soils 

have been divided into four groups according to mechanism (10): a) free 

diffusion of ion pairs in the intermicellar pores and channels, b) absorp• 

tion of ions by colloidal particles which themselves diffuse as a result of 

Brownian movement or with the aid of some transporting agent, c) exchange 

of ions bet~~en surfaces and intermicellar liquids, and d) surface 

migration and contact exchange independent of the nature of the intermi• 

cellar liquid. 

The diffusion process in clay-water systems is affected by the 

interactions between the clay particles and exchangeable cations. Lai and 

Mortland (7) state that the diffusion of cations within a clay-water system 

is an extremely complex process. Diffusing cations have been found to move 

by at least two different mechanisms: a) movement along the exchange sites 

on clay particle surfaces and jumping from exchange sites on one particle 

to exchange sites on adjacent particles; and b) diffusion of the cations 

through the pores of the clay-water system. The latter mechanism provides 

a faster rate of diffusion. Diffusion of anions takes place exclusively 

within the pores (7). However, if the soil is not saturated, diffusion 

through the pores may be greatly hindered. 
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Investigators thus far have succeeded only in determining the apparent 

diffusion coefficients of cations in various soil-water systems (7). Letey 

and Klute (11) have determined the apparent mobility of potassium and 

chloride ions in three different soil types and Talme (9) has determined 

the diffusion coefficient for a calcium chloride solution in various clay 

soils. Lai and Mortland (7) indicate that different diffusion coefficients 

may be acting in the clay-water system at the same time. Anions may have a 

different diffusion coefficient than cations (7). Factors such as differ• 

ences in clay content, clay minerals, density, absorbed cations, and 

temperature have been found to affect the coefficient of diffusion and thus 

the rate of diffusion (12). 

Davidson, 0emirel, and Handy (12) have suggested that the diffusion of 

calcium cations in a soil-I ime•water system is an example of the diffusion 

phenomena which is classified as a boundary process. The boundary process 

accompanying 1 lme diffusion may Include: a) transfer of lime into the soil, 

b) a chemical reaction between the lime and the soil, c) formation of 

nuclei and growth of the reaction product, and d) further diffusion of the 

lime into the soil from the reaction prodl.ic t layer (12). 

Assuming a constant diffusion coefficient and a constant cross 

sectional area of diffusion layer the following expression has been sug• 

gested for determining the rate of growth of a product layer from the 

lime-soil reaction (12,13): 

where 

£ =distance of 1 ime migration for a time t, in. 

kd = diffusion constant, in./day 

t = elapsed time of diffusion, days. 

(7) 

Reported values of kin Equation 7 range from 0.081 to 0.63 in./day 

(12,13). If a value of 0.10 in./day is used, the required time for various 

distances of diffusion are as follows: 
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£. inches __!__ 

1 100 days 

6 3600 days 

12 40 yrs 

EFFECT OF SUBGRADE TREATMENT ON STRUCTURAL BEHAVIOR 

Pavement s tructura 1 behavior response effected by_ : ncreas i ng the 

stability (higher strength, greater stiffness) of the upper portion of the 

subgrade beneath the rigid and flexible pavement sections is indicated in 

Figures 12 and 13. The modulus of el~sticity of the stabilized zone was 

assumed to be 50,000 psi (a typical value for quality ltme•soll mixtures) 

and the thickness of uniform st~blllzatlon was varied from Oto 240 In. 

The layered elastic analysis program was utilized for analysts purposes. 

The influence of stabilizing various horizontal lay~rs within the sub• 

grade mass beneath the flexible and rigid pavE:ment sections was also 

determined. Twelve-inch incremental zones In the subgrade were assumed to 

Include a stabilized layer (located at the top of each Incremental zone) of 

variable thickness (2, 4, 8, and 12 in.). The 12-tn. stabilized layer 

corresponded to uniform stabilization throughout the depth of the layer. 

The stabilized material was assumed to have a modulus of elasticity of 

50,000 psi. Typical results for various numbers of incremental zones 

(12-ln. thickness) and different thicknesses of stabilized layers are 

presented in Figures 14 and 15. 

The data indicate: 

1. Uniform (full depth) stabilization is more effective than the 

use of the stabilized layers. 

2. Both stabll ization concepts (uniform stabilization and stabilized 

layers) altered, to varying degrees, the structural response 

(surface deflection, concrete radial tensile stress) of the rigid 

pavement section. Increasing uniform stabilization thickness 

beyond 60 in. did l'lOt effect further reductions in radial tensile 

stress. 
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3. For the flexible pavement section, both stabilization concepts 

effected a decrease in surface deflection, an increase in vertical 

subgrade stress, and a slight reduction in radial tensile strain 

at the bottom of the asphalt concret e layer. The range of radial 

tensile strains considering all stabilization procedures was only 

from 7.2 x 10·4 in.Jin. (no stabilization) to 6.5 x 10·4 in.Jin. 

Subgrade stabilization systems incorporating stabilized vertical 

columns of materials, slanting stabilized layers, or random stabilization 

zones were not analyzed. A three-dimensional finite element solution would 

probably be required to approximate the behavior of such systems. 

Comparison of the deep layer stabilization effects on pavement struc

tural behavior with those obtained for conventional asphalt or portland 

cement concrete overlays (Section 11) suggests that conventional overlay 

techniques are more effective. Corps of Engineers flexible pavement design 

theory (cover thickness concept) does not validate the correctness of the 

preceding statement. 

It is important to recognize that. such significant factors as pumping, 

faulting, and joint behavior of rigid pavements were not considered. It is 

possible that deep layer stabil lzation procedures may alleviate such 

problems. 

34 



SECTION IV 

REVIEW OF A NUMBER OF POTENTIAL DEEP LAYER STABILIZATION PROCEDURES 

INTRODUCTION 

In order to evaluate the potential of various 11deep layer stabilization" 

procedures currently available, this section examines a number of them in 

detail. The last subsection of the section is devoted to a short discussion 

of a nLrnber of new concepts and "far out" schemes that might possess some 

degree of relevance to dt'-e:.-, layer stabi 1 izatlon. 

of: 

In the subsections whi ch follow, emphasis has been placed on discussion 

1. theory of the procedure, 

2. pertinent laboratory studies, 

3. various field applications, 

4. amenable soil types, 

S. effects of treatment, and 

6. cost of treatment. 

Evaluations of the various procedures relative to their potential for 

deep layer stabilization is concluded in Section V. 

ELECTRICAL METHODS FOR STABILIZING IN•SITU SOILS 

Introduction 

Electrical methods of improving the stability of in•situ fine-grained 

soils have been tried with varying degrees of success. Basically, three 

methods of electrical treatment have been utilized: electro-osmosis, 

electro-chemical, and electro-injection. Electro•osmosis has probably 

received the most attention as a result of its extensive use by Casagrande 

to facilitate construction of naval facilities in Germany during the 193Os. 

The use of electro-chemical and electro-injection procedures is reported 

much less frequently in the 1 iterature but they seem to have, at least 

conceptually, as much potential or possibly even greater µotential t'.ian 

electro-osmosis. Karpoff (14) concluded that electro-chemical methods in 
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most instances make possible a greater improvement to physical properties 

than electro-osmotic treatment. 

Theory 

The exact mechanisms affecting stabilization are dependent on the 

particular electrical procedure being used. 

A typical fine•grained soil-water system, Figure 16, consists of a 

large number of negatively charged clay particles intimately mixed with 

larger particle sizes. Cations typically attracted to the clay particles 
+ + + + ++ + . include Li , Na , NH4 , K, Mg , and H • The type of cat1on(s) present 

depends on a number of factors but in general, the Lyotropic Series defines 

the relative affinity of cations for the surface of the clay particles. 

The relative affinity increases in the above 1 ist from Li+__..,. H+. The 

amount of cations present on the clay particle d~pends to a large extent, 

on the relative magnitude of negative charge that must be satisfied. The 

ability to hold and exchange cations is often referred to as the cation 

exchange capacity and increases for kaolinite, 111 ite, and montmorillonlte, 

respectively. 

In the pore water that surrounds the clay particle-cation system, 

there exists more dissociated cations and anions. When an electrical 

gradient is imposed on the clay-water system, ions of opposite charge move 

in opposite directions. The cations (positively charged) move toward the 

cathode (negative electrode) and the anions (negatively charged) move 

toward the anode (positive electrode). It appears that as the Ions migrate 

under the influence of the electrical potential, the positive Ions tra~sfer 

momentum or frictional forces to the dipolar water molecules. The force 

exerted by the cations apparently exceeds that exerted by the anions and a 

net movement of water toward the cathode occurs. Thus, as indicated by 

Winterkorn (15), an increased concentration of anions in the pore water 

will lessen the effectiveness of the electro-osmotic transport of the water 

toward the cathode. 

Requisite to reducing the water content of a soil-water system by 

electro-osmosis is the provision of some means for removing the water as it 
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Figure 16 Schematic Illustration of Donnan Distribution of Ions Between 
External and Internal Phases (From Ref. 18) 
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collects at the cathode. If some means such as a well point is provided, 

it is possible to gradually reduce the moisture content of the system, 

especially in the region of the anode. 

Electro-chemical stabilization depends directly on the movement of 

ions and larger electrically charged molecules in the soil-water system. 

Under an electrical gradient, po~itively charged units (cations, molecules) 

move toward the cathode and negatively charged units (anions, molecules) 

move toward the anode. As the cations collect around the cathode the pH of 

this region increases and becomes quite alkaline. The high pH is partially 

attributed to the fact that hydrogen gas is I iberated which produces an 

abundance of OH- anions which can combine with the cations. On the other 

hand, at the anode, anions such as so4·, co3·, Cl , etc. are collecting 

with a resulting decrease in pH. Oxygen and chlorine gases are also 

I iberated at the anode. 

A study by Esrig (16) indicated that the pH may be as high as 11-12 

In the region of the cathode and as low as 2-4 in the region of the anode, 

Figure 17. The solubility of silica and alumina increases significantly In 

high pH envirorrnents, Figure 18. In addition, alumina solubll ity increases 

markedly in low pH environments, Figure 18. Thus, the high pH In the cathode 

region and the low pH in the anode region may lead to partial degradation 

of the clay min,erals anti the I iberation of alumina and silica in the system. 

If there is an abundance of Ca++, Mg* etc. present in the system, it i s 

possible that a pozzglani.c reaction will occur which would provide cement• 

ing materials for the system and thus increase strength. 

Winterkorn (15) suggests that chemicals might be introduced at both 

the cathode(s) and anode(s) and be allowed to migrate under the influence 

of an electrical gradient. These chemicals would then combine somewhere 

between the two electrodes to form insoluble compounds that would plug 

voids and increase strength. Winterkorn indicates that the formation of 

silicates, phosphates, chromates, etc. might be obtained by the moveTient of 

various chemicals . He also indicates that an electrical gradient might be 

used to permeate a soil system with polymer-forming liquid monomers (15). 
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New chemicals can be introduced into the system by two general 

procedures. A comnon procedure is to use sacrificial electrodes which are 

dissolved . An example is the use of aluminum electrodes. A second 

procedure which lends itself to greater flexibility relative to the type of 

chemical that can be used is the use of porous reservoirs as the electrodes. 

Solutions of the chemicals can be placed in the reservoirs and allowed to 

migrate into the soil system under the influence of the electrical 

gradient. Application of a positive pressure at the reservoirs (electro

injection) may tend to increase the rate of migration of the chemicals. 

As the concentration of cations around the cathode increases due to 

the migration of the dissociated cations in the pore-water (new or high 

concentrations of cations might also be introduced to the system) not only 

does the pH Increase, but cation exchange may occur on the surface of the 

clay particles. The general order of replaceabil ity of the conwnon cations 
+ + + + ++ + Is given by the Lyotroplc Series: Li < Na < NH4 < K < Ca < H • Any 

cation will tend to replace the cations to the left of it in the above 

series, and monovalent cations are usually replaced by multivalent cations. 

Cation concentration can however, alter the normal Lyotropic replacement 

series. It is a well known fact that cation exchange can cause a change in 

the properties (strength, Atterberg Limits, etc.) of clays. Esrig (16) 

attributed strength increases after electrical treatment to water content 

change .and ion exchange, Figure 19. He found that the latter had the 

greatest influence on strength improvement. Some investigators indicate 

that after cation exchange, a flocculation of clay particles may result. 

However, it is difficult for an in-place material to undergo substantial 

structural changes without any fonn of manipulation of the soil particles. 

The use of aluminum sacrificial anodes to provide Al+++ cations to the 

system has been a conman procedure. Precipitation of aluminum salts may 

occur in the region where a pH of 7 is encountered. The presence of these 

salts may tend to increase the stiffness of the mass (17). 

Electro-osmosis 

Many theories have been advanced to explain complex electro-osmotic 

flow conditions on a macroscopic scale. Such theories have provided 
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mathematical expressions for water-ion flow through soil capillaries under 

an electrical gradient. 

The classical mode ls describing electro-osmosis assume that negatively 

charged anions and the water molecules migrate at the same velocity (18). 

The Helmholtz model (19) assumes large pore diameters while the Schmid 

model (20) deals with much smaller pores. Esrig's theory unifies the 

classical behavior concepts and includes the Helmholtz and Schmid models as 

special cases (21). Spiegler•s friction model (22) and an ion hydration 

model (23) have been developed more recently. Both nonclasslcal models 

involve lengthy laboratory experimentation to derive meaningful expressions 

describing the observed electro-osmotic flow. Although such models take a 

more real lstlc view of flow conditions and are conceptually useful, the 

mathematical expressions derived are somewhat empirical in nature since 

much depends on extensive experimental observations and lengthy ca1cula• 

tlons. None of these models have yielded any simple, useful correlation 

between electro-osmotic flow and fundamental soil parameters (18). 

Casagrande observed that electro-osmotic permeability Is nearly 

constant (5 x 10·5 cm/sec per volt/cm) for saturated soils of widely vary• 

Ing hydraul le permeabtl lty (24). The rate of electro-osmotic water flow as 

developed from Darcy's equation ls: 

where 

Q • k I A e e e 

n • electro-osmotic flow, cm3/sec 
"'e 

ke • electro-osmotic permeability, cm/sec per volt/cm 

le• electrical potential gradient (applied voltage/electrode 

spacing), volts/cm 

A • cross sectional area, sq. cm. 

This expression describes the maximum electro-osmotic flow that can be 

expected in any saturated soil (24,25). This application of Darcy's 

equation is one of the few mathematical expressions verified by most 

researchers as a valid statement for the maximum electro-osmotic water 

flow for a variety of soils. 
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Overall, it can be said that electro-osmotic flow is extremely complex 

and even highly idealized laboratory studies have failed to thoroughly 

explain the flow of water and the associated property changes occurring 

within the soil mass. 

a) Laboratory Studies 

Although the exact flow mechanism is not yet fully understood, exten• 

slve laboratory investigations have been made in an effort to predict 

property changes and power requirements. 

Early work by Casagrande and various other Investigators clearly 

indicates a decrease in water content and a drop in pore water pressures in 

the anode region. Consolidation of the soil mass in the region of the 

anode normally occurs -- the degree aid extent of which depends on soil 

properties and duration of electrical potential application (24). Strength 

increases associated with electro-osmosis were initially thought to be a 

direct result of the degree of consolidation only. 

Further experimentation indicated that shear strength increases were 

greater than predicted from consolidation theory alone. Physico•chernical 

property changes in the soil structure were found to have taken place 

(24,26). Especially when aluminum anodes were used, metal derlvates were 

deposited within the pore structure and permanent cementation occurred 

(24,27,28). Corrosion of the anodes accompanies significant durations of 

treatment. The cathodes are not normally deteriorated during treatment 

although the high pH environment may In some cases tend to erode the cathode. 

Heating, drying, and shrinkage take place when a high electrical gradient Is 

used. Electrical current interruptions often occur when the soil shrinks 

away from the electrode (24,26,29). In addition, the decreased water con

tent in the anode region will tend to increase the electrical resistivity 

of the soil mass and as a result, reduce electro-osmotic efficiency. At 

the cathode, increased water content and pore water pressure are usually 

noted, accompanied by a decrease in shear strength. The increased concen• 

tration of cations in the cathode region and the tendency for cation 

exchange to occur may tend to offset the reduced strength. 



After the current Is stopped, the pore wa ter pressu re at th~ electrodes 

normally tends to diss ipa t e and strength changes noted dur: ng electro

osmotic treatment may be reduced. The exact magnitude of permanent strength 

Improvement effected by electro-osmotic treatment (and the e1ectro-chemica1 

reactions) is difficult to predict. One of the major problems is that the 

water content Is non-uniform between electrodes and as a result, consol ida· 

tlon and settlement between electrodes is erratic and somewhat unpredictable. 

Changes in electro-osmotic permeability normally accompany water 

content changes. Generally, the permeability for a given soi] type 

decreases with duration of treatment, except in the region of the cathode 

(18,24,26,29). Thus, flow rates also vary with time (21). 

A recent publication by Gray and Mitchell (18) not only describes the 

fundamental theories of electro-osmosis, but is a valuable attempt to 

correlate common soil parameters with the flow efficiency and economy (as 

related to field application). 

The efficiency and economy of electro-osmosis depends on the amount of 

water transferred per unit charge, e.g. gallons per ampere-hour. According 

to Gray and Mitchel] (18), this quantity can vary by several orders of 

magnitude, depending upon water content, cation exchange capacity of the 

clay fraction, and pore water electrolyte concentration. Based upon the 

Donnan thermodynamic theory of irreversible flow (30), past research by 

others, and laboratory testing, Gray and Mitchell were able to predict the 

effect of increases ir the pore water electrolyte concentration upon 

electro-osmotic flow, Figure 20. 

Extensive laboratory Investigations by Olsen (32), Carr (33), Gray (34), 

Gray and Mitchell (18), Ballou (35) and others have yielded a simple 

relationship between electro-osmotic water transport (gallons per ampere 

hours) and water content. Figure 21 indicates the wide range of soils 

(varying cation exchange capacity and pore water electrolyte concentration) 

for which the relationship Is val
1

ld (18). Additional experimentation will 

be required before curve paramet~rs (slope and intercept) can be directly 

calculated from electrolyte concentration and exchange capacity . Such a 

plot at least can be used to estimate the electro-osmotic flow efficiency. 
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Alternately, the flow can be calculated from or measured di r~ctly from 

streaming potential data during a hydraulic permeability test. (Streaming 

potential is the voltage induced by the forced flow of a fluid through a 

porous membrane.) The electro-osmotic transport coefficient, k., expressed 
I 

in gallons per ampere-hour, is related to k (previously defined) by the 
e 

following equation: 

where 

Using 

Casagrande 

a = measured specific conductivity of the saturated soil, 

ohms per cm. 

a constant k of 5 x 10-S cm/sec per volt/cm as suggested by 
e 

(or from measured k values at the field water content) along 
e 

with a measured value of a , k. can be calculated. 
I 

If the streaming potential is measured, then the following relation 

holds: 

(9) 

k. = 0.0094 x E /P 
I S 

( 10) 

where 

E • streaming potential, millivolts 
s 

P • pressure drop, atmospheres. 

The above relation is an appl icatlon of Saxen•s Law, named after the origi• 

nal di scove rer. 

Gray and Mitchell (18) found good agreement between measured and 

calculated values of k. at water cont~nts between 50 to 60 percent. At 
I 

higher water contents, 11 calc.ulated11 k. values (Equation 9) are under• 
I 

estimated. At lower water contents, 11calculated11 k. is greatly over• 
I 

es t i mated ( 18) . 

Having determined k. by one of the above methods, the electrical 
I 

energy r~quirements per gall~n of water discharged, E, in kilowatt hours, 

can be calculated from (18): 
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€ = (l:£/k.) x 10•3 
I 

( 11 ) 

where 

t.£ = applied potential difference, volts. 

b) Field Applications 

Field applications in North America of electro-osmotic stabilization 

have been somewhat limited (30). Electro-osmotic methods of drainage were 

first recognized and developed in Europe. Casagrande is often credited 

with the first full-scale application of such methods for drainage and 

slope stabilization (25). The vast majority of field applications of 

electro-osmosis in the United States have been for slope stabilization in 

silty materials (6,29,36). A recent SLITlmary by Zeiler (29), revealed that 

most field applications were employed to stabilize slopes during or prior 

to excavation. Numerous examples of successful slope stabilization both in 

this country and abroad have been documented. 

One of the few applications for embankment stabilization took place on 

the West Branch Dam (38). Excessive settlement and spreading were halted 

by temporarily reducing the embankment height and then decreasing exces• 

slveJy high pore pressures by electro-osmotic treatment. After decreasing 

the pore pressures the embankment was completed to original design levels. 

The shear strengths increased from 0.4-0.7 tsf to about 0.6-1.0 tsf. As 

predicted from laboratory studies, the greatest strength increase occurred 

at the anode with little or no change at the cathode. A genera) decrease' 

in water content (4 to 9 percent) was also noted after electro-osmot ic 

treatment of the clayey embankment material. As expected, the maximum 

decrease occurred at the anode. 

A recent application of electro-osmosis for stabiJ ization of a deep 

excavation in Norway has shown that the strength of quick clays can be 

measurably improved (39). Permanent shear strength increases from 

I to 4 t/m2 were noted. The gain in shear strength exceeded the antici• 

pated values (based on consol idatlon theory alone). Not only the water 

content decreased as expected, but physlco•chemical properties apparently 

changed, resulting In the unexpected strength increase . The needed 
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reduction in water content to obtain a given strength increase was 

estimated from the relationship between water content. conso1 idation pres• 

sure. and undrained shear strength. Due to property changes causing 

strength increases. the predicted "required" change in water content was 

overestimated. 

E1ectro•Chemica1 Treatment 

Electro-chemical treatment of fine-grained materials has in some cases 

proven to be a satisfactory method of stabilizing a soil mass for particu• 

lar job requirements. In general. laboratory applications indicate better 

results than do field studies. but reported field applications are I imited. 

In order to develop a better appreciation for electro-chemical proce

dures. a short discussion of a number of laboratory studies and field 

applications will be presented, 

a) Laboratory Studies 

A number of laboratory studies have been cond.ucted in an effort to 

identify the significant parameters of electro-chemical methods. 

4,damson. et al. (40) present a fine discussion of electro-kinetic 

procedures. They conducted laboratory tests to determine the effectiveness 

of dewatering clayey soils. high in montmorillonite. by an electro-osmotic 

procedure. Aluminum anodes were used during the electrical treatment and 

calcium chloride, aluminum acetate. and aluminum sulfate were added to the 

system. The unconfined compressive strength of the soils increased from 

about 1.5 psi prior to treatment to about 3 psi after treatment. The 

authors concluded that aluminum anodes should be used during electrical 

treatment so that Al+H- cations are provided to the system which increase 

strength through base exchange and cementation (40). In another study 

Adamson. et al. (41) found that electro-chemical treatment of sands contain• 

ing as I ittle as 1.5 to 3.5 percent clay could increase strength. The clay 

fraction consisted of either pure montmorillonlte. ii lite. or kaol lnite 

clay. A solution of Ca C1 2 and A1 2 (so4)2 was added to the sand mixture 

during the electrical treatment. X-ray analysis of the electrically 
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treated fine-fraction indicated that new minerals had been formed including: 

gibbsite, limonite, calcite, allophane, hematite, gypsum, and others. Com

pressive strength increases noted in this study ranged from 1.5 to 3.0 psi. 

Nettleton (42), Esrig (16), and Nettleton (43), respectively, investi• 

gated the effects of electro-chemical treatment of the three COITITIOn clay 

minerals -- kaolinite, ill ite, and montmorillonlte. In all three cases 

nominal strength increases were noted after treatment. In the two studies 

by Nettleton, an aluminum anode was used which might explain the 

increased strength. Esrig (16) used a carbon rod as the anode. The nominal 

strength increase noted in this case was attributed mainly to the ion 

exchange phenomenon, although some strength increase was due to a moisture 

content reduction. In all three cases, no new chemicals were added to the 

system; rather cations and anions present in the pore water contributed to 

ion exchange. 

Geuze, et al. (44), attributed electro-chemical hardening of the fine• 

grained soils Investigated to a decreased moisture content and to the 

formation of aluminum hydroxide when alumin1.1n electrodes were used and 

eventually to a flocculation of the clay particles. They also hypothesized 

that the use of copper electrodes may introduce cupric ions (Cu++) to the 

system and flocculate clay particles. 

In a laboratory study conducted by Karpoff (14) the effect of electro

chemical treatment on a sandy silt and a medium fat clay was evaluated. 

Aluminum electrodes were used and calcium chloride and aluminum chloride 

chemical were introduced through perforated metallic anodes. About five 

gallons of 2 percent CaC1 2 was used per cubic yard of soil. Compressive 

strength increases ranged from 5 to 13 psi. Karpoff (14) concluded that 

electro-chemical methods in most instances make possible a greater improve• 

ment to physical properties than electro-osmotic treatment. 

Murayama and Hise (17} also found that the use of aluminum electrodes 

during electrical treatment improves the post-treatment strength. They 

attributed the nominal strength increase noted (< 1.0 psi) to the formation 

of aluminum salts and bauxite in the soil. 
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By using perforated aluminum discs as the anode and a copper plate as 

the cathode, Shukla (45) 
Si02 

SiO 
found that plasticity and R 0

2 (silica sesquioxide 
2 3 

ratio) and Al O ratios for a group 
2 3 

of fine-grained soils from India 

decreases with increased e lectrical treatment. A nominal compressive and 

shear strength increase(< 3 psi) also were exhibited after treatment. 

Esrig (21) probably conducted one of the most extensive laboratory 

analyses relative to the influence of various chemicals on electro-chemical 

hardening. The various chemicals were introduced at the anode and allowed 

to permeate the soil under the electrical gradient. Table I sunmarizes the 

chemicals that were used. Maximum compressive strength increases of about 

4 psi were noted. 

One of the major problems associated with electro-chemical treatment 
' 

is the nonuniform strength increase and nonuniform chemical distribution 

between the electrodes. For example, Esrig (16) has shown that a large pH 

and strength differential can occur between the anode and cathode after 

treatment. Boiko (46) has suggested a method by which the region of 

electro-chemically associated strength increase and high pH noted . at the 

cathode can be extended by using a CaO•CaC1 2 solution in a reservoir at the 

anode. Frequent replacement of this solution will extend the region of 

high pH and strength increase. Using this procedure a strength increase of 

50 to 90 psi was noted for specimens submerged in water for 13 months after 

treatment. Adamson, et al. (41) suggeJted frequent reversals of polarity 

to improve uniformity of strength and chemical distribution. 

Talme (9) has reported results from laboratory studies in which 

electro-chemical treatment was used to improve the shear strength of a 

number of Swedish "quick clay" soils. An electrical gradient ranging from 

0.4 to 1.8 volts/cm was used to facilitate the permeation of the soils with 

calcium and magnesium chloride solutions of various concentration (concen• 

tration ranged from one percent to saturated). Both remolded and 

undisturbed shear strength measurements were made by a Swedish fall-cone 

procedure. 
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Table 

Sunmary of Types of Chemicals Esrig (21) E1ectro
Chemica11y Injected Into Soils 

Type of Chemical Solution 

Dist i 11 ed Water 

KOH 

Cac1 2 

NH4 CJ 

KH2Po4 

Fe so4 

Na4sio4 
Na

2 
so4 

A1 2 (so
4

)
3 

AM-9 

Arquad 2 HT• 75 

A 1 i quat H226 

Chempact 
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The duration of treatment of 30 cm Jong samples ranged from about 

150 minutes to about 4,800 minutes with an average duration of slightly 

greater than 1,000 minutes. Examination of the results of this experiment 

indicated that improved shear strength, as measured by the Swedish fall

cone procedure occurred throughout the entir£ length of the specimen 

although the location of the maximum shear strength increase, relative to 

the anode and cathode was erratic. In some cases maximum shear strength 

improvement occurred in the cathode region; while in others the maximum 

shear strength improvement occurred midway between the electrodes. 

The maximum percentage shear strength increase was displayed by the 

remolded specimens where up to a tenfold increase occurred; however, the 

magnitude of the post-treatment strength was less than one psi. The undis

turbed samples displayed post-treatment shear strengths ranging from 1.5 to 

2.0 psi; untreated shear strengths were about one psi. No conclusions were 

made relative to the influence of type of chemical or the solution concen

tration used in the treatment. 

The Louisiana Highway Department (47) has conducted a I imited 

laboratory study relative to permeating sandy clay, medium silty clay, and 

heavy clay sr.lils with a 10 percent (by vollMlle) lime-water slurry by imposing 

an electrical gradient upon the system. In this study steel electrodes 

(pipe and angle iron) were spaced at 16.5 to 80 in. depending on the test 

and an electrical gradient ranging from approximately 0.75 to 2.0 volts/cm 

was applied. The 1 ime slurry was placed in a trench between the electrodes 

and the electrical gradient applied for durations ranging from 75 to 

I ,584 hours. An evaluation of the study indicated that no significant 

changes in engineering characteristics occurred. It would appear that 

1 itt1e or no 1 ime migration was effected. A 1 imited degree of electro• 

chemical hardening was noted around the cathode however. 

b) Field App) ications 

Early field applications of electro-chemical treatment were almost 

so1e1y restricted to treatment of piles to increase their bearing capacity. 

However, recently a number of appJ ications have been made relative to 

foundations. An electric potential has been used to increase the rate of 
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permeation of sodium silicate into a 1oess deposit a~i to help permeate the 

subgrade under a rurMay with a commercial waterproofer. 

(I) Treatment of Friction Piles 

Results of full-scale field tests conducted by Casagrande have been 

reported in Reference 48. In one application, six wooden piles about 

one foot in diameter were sheathed with aluminum one millimeter thick and 

driven to a depth of 20 ft at 4- to 6-ft spacings. Load tests indicated 

that the bearing capacity of the piles was between 7 and 9 tons per pile 

prior to treatment. A 220-volt potential was applied between the piles 

until 60, 260, and 1,000 kwh of electrical energy had been appl fed 

respectlvely to the three pairs of plies. 

A maxlml.111 bearing capacity of about 40 tons per pile was obtained 

after about 30 kwh of energy had been applied. Further application of 

electrical energy tended to reduce the bearing capacity. Examination of 

the soil around the piles Indicated that no apparent change in the soil 

appeared at distances greater than 12 in. Increased pile bearing capacity 

was attributed to an increase in effective pile size and an increased skin 

friction due to the corrosion of the aluminum sheathing. 

Soderman and Hill lgan (49) reported that electrical treatment of 

12-ln., 53•1b steel H piles ranging in length from 55 to 166 ft increased 

their bearing capacity. The piles were embedded in soft varved clay. A 

test pile was found to exhibit a bearing capacity increase of 30 tons 

(initial bearing capacity• 30 tons) after 3 hours of treatment with a 

potential of 115 volts. The increase In bearing capacity was attributed to 

electro-osmosis rather than electro-chemical treatment, however. 

Spangler (48) reported the results of a small-scale study directed 

toward investigating the various aspects of increasing the bearing capacity 

of friction piles by electrical treatment. Aluminum rods were driven into 

various types of soils and electrical potential applied. The results 

Indicated the following relevant facts: 

1. Maxlml.111 bearing capacity resulted after an optimum amount 

of treatment; 
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2. The time or energy required to obtain maximum bearing capacity 

increased with Increased clay content; 

3. The maximum pile bearing capacity increased with Increased clay 

content; 

4. The bearing capacity of the cathode pile was greater than that of 

the anode pile but the bearing capacity of both increased; and 

5. Based on limited data, the maximum bearing capacity did not seem 

to be related to the type of clay mineral present. 

(Ii) Electro-Chemical Treatment of Foundations 

Gueseva (50) reported that an electrical treatment procedure was used 

for arresting the progressive deformation of damp soil under an existing 

building. The method consisted of driving a series of electrodes Into the 

soil, 2.5 meters deep and 1.5 meters apart; 5 amps DC were appl led continu• 
2 ously for 3 days at a density of 10 rrA/cm at 10 volts/cm. In addition, by 

Introducing calcium and magnesium salts (10 percent solution) Into the soll, 

the load bearing capacity of the soil was Increased from 1.5 kg/cm2 to 

5·10 kg/cm2 (70•140 psi). 

In a limited field investigation of electro-kinetic processes, 

Esrig (51) found that the major factor improving strength of a silty soil 

with low plasticity (ML) was con!ol idation that accompanied dewaterlng 

although some Increase appeared to be due to electro-chemical hardening 

when a solution of CaC1 2 was used in conjunction. Esrig concluded that 

relatively uniform shear strength could be obtained by periodic reversals 

of polarity (51). 

Bally and Antonescu (52) reported the use of electricity in an 
11electro-silicification process" to treat loess soils. A sodium silicate 

solution was injected under pressure and an electrical potential applied 

between electrodes about one meter apart. The quantity of silicate solu• 

tion was halved when an electrical potential was used as compared to 

pressure injection alone. About 200 liters of solution were injected per 

cubic meter of soil. The electrical treatment reduced the treatment period 
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from seven days to one day. The total electrical energy used was about 

10 to 15 kwh per cubic meter. 

Dearstyne and Ne\\fflan (53) have reported on the attempted use of an 

electro-kinetic procedure to stabilize a water-saturated fine-grained 

clayey subgrade under an airport rurMay at the Seattle-Tacoma International 

Airport. A 2•percent solution of conwnerclally available Aliquat H226 was 

Introduced through I 1/2-ln. diameter aluninun pipes on 5-ft centers at one 

side of a 150-ft wide runway. A copper wire was buried at a depth of 4 ft 

on the opposite side of the runway and a 270-volt electrical potential was 

applied for 18 days. Pavement deflection measurements were made prior to 

and after the treatment. Under a 45,000•lb crash truck, 0.2-ln. surface 

deflection was noted prior to treatment. After treatment the deflection 

was reduced to 0.010 In. The total cost of treatment was about $35 per 

longitudinal linear ft of the rurMay (Includes $10 per linear ft post• 

treatment subgrade grouting cost). 

Chemical tests were made after the treatment period. pH values 

displayed an almost Immeasurable Increase from an Initial 8.9 to a post• 

treatment value of 9.0. However, attempts to determine the amount of 

Allquat H226 In the soil were unsatisfactory. It was found however, that 

about 1.5 lb of the alunlnum electrodes were eroded. 

The cause of marked reduction In deflection Is difficult to explain. 

Esrtg and Gemetnhardt (54) In a discussion of the article show that 

theoretically, the Allquat H226 probably moved only about 2 In. from the 

aluminum pipes and that the stabilization effected was probably solely due 

to an electro-osmotic reduction in moisture content. However, a reduction 

In surface deflection of the magnitude reported, from the standpoint of a 

pavement behavior analysts, would require a tremendous increase in subgrade 

strength. Such an Increase due to electro-osmosis is highly unlikely. 

Talme (9) has reported on a field study conducted in Sweden concerning 

electro-chemical treatment in which a 35-percent solution of CaC1 2 was 

electro-injected into a fine-grained soil. In this experiment, steel 

electrodes, 20 rrrn in diameter and 5 meters long, were spaced on 300-cm 

centers. A 46-rrrn diameter, PVC plastic pipe, perforated at the lower end 

57 



was driven to 4.6 meters prior to placement of the steel electrodes. This 

plastic pipe served as a reservoir in whi ch the calci1.m. chloride solution 

and the steel electrodes were placed. 

t he electrical gradient averaged about 0.5 volt/cm during the ISO-hour 

duration of treatment. After treatment, a piston sampler was used to 

sample the soil to a depth of 4 meters. A 4-meter deep profile sample was 

taken every 0.5 meter over the distance between the electrodes. Remolded 

and "undisturbed" shear strength measurements were made with the Swedish 

fall-cone procedure. On the average, at a depth ranging from 2.3 to 

3.81 meters, a 28-percent shear strength Increase was noted with a maximum 

undisturbed shear strength of about 1.3 ps I being found. Remolded shear 

strengths showed increases on the average of about 375 percent although the 

maximum shear strength noted was less than one psi. 

Chemicals Involved in Electrical Chemical Treatment 

Esrig (16) attribt-:"' ed the strength increase after electrical treatment 

to ion exchange and water content decrease; not to the formation of new 

chemical compounds or the introduction of new chemicals into the system. 

Probably one of the most convnon procedures ls . to introduce al1.mln1.m 

cations Into the system by dissolving an al1.minun anode electrically. 

Murayama and Hise (17) hypothesize that the Al+3 cations increase strength 

and decrease plasticity by forming aluminum salts and/or bauxite. 

Another procedure has been tried in which Catl 2 is Introduced at the 

anode and the Ca+2 cations are electrically pulled toward the cathode. 

When excess Ca+2 cations are present in the system, cation exchange can 

occur. Boiko (46) has used a modified version of this procedure in which 

he first saturates the system with CaC1 2. Initially, the pH at the cathode 
++ -rises due to the presence of Ca and OH • At the anode the tendency Is 

for the pH to drop as a result of the absence of cations and the abundance 

of anions. However, by introducing a solution of CaO•Cat1 2 at the anode 

and frequent 1 y rep 1 acing the so 1 ut ion, it was poss i b 1 e to increase the 

extent of the high pH region. With reactive soils, it is possible to 

obtain a lime-soil pozzolanic reaction if a high pH environment is 
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maintained. By increasing the reg ion of high pH with the CaO•CaCl 2 
solution at the anode it was poss ible to extend the region of possible 

1 ime•soil pozzolanic reaction. 

Adamson, et al. (41) used an electrical potential to saturate a fine• 

grained kaol lnlte soil with CaC l
2 

and then reversed the polarity and 

Introduced Al 2so4. X•ray analysis indicated that destruction of the 

silicates occurred and that a group of new chemical compounds was formed. 

In another study, with a montmorillonite, Adamson, ~t al. (40) introduced 

Catl
2

, Al 2so4 , and an aluminum acetate solution. 

Esrig (21) examined the effectiveness of various chemicals by intro• 

ducing a number of chemical solutions at the anode. The follow ing I 1st 

summarizes the chemicals that were used: 

distil led water 

KOH 

CaC1 2 
NH4CI 

KH2Po4 
Fe so4 
Na2so4 
Na4s104 
A1 2 (so4)

3 

It was found ill this study, that from the standpoint of strength improve

ment, KOH, CaC1 2, and Na4s104 were the most effective chemicals. In 

addition, Esrig (21) introduced the following commercial chemical stabil i· 

zers and waterproofers at the anode: 

AM•9 

Arquad 2HT•75 

A 1 i quat H226 

Chempact 

None of these commercial chemical stabilizers or waterproofing agents 

produced increases In strength that were significantly different from 

increases obtained by common chemicals. 
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Winterkorn (15) indicates that polymer-forming 1 iquid monomers might 

be "pulled-around" in the soil by use of an electrical gradient. Field 

applications are reported (52,53) in which an electrical gradient was used 

to permeate a soil with sod ium silicate and Aliquat H226. 

Power Requ i rements 

In general, the electrical current required for electrical treatment 

of fine-grained soils is obtained from a direct current source. Alternat

ing current can be us ed but generally it must be passed through a 

transformer first in order to convert it to direct current. Zaslavsky and 

Ravina (55) have suggested the use of alternating current for inducing 

electro-kinetic phenomena. 

The level of applied electrical voltage and the duration of applica

tion are dependent on soil properties (water content, electrolyte 

concentration, activity, etc.), electrode spacings, purpose of electrical 

treatment (51), and degree of stabil izatlon required. Water, ion, and/or 

molecule migration is directly linked with current fl,;,w. Current flow is 

highly dependent on soil properties and their relation to electrical 

resistance. Generally, water and ion flow can be expected to Increase as 

the electrical gradient ls increased. However, high appl led voltages cause 

heating and drying at the anodes that result in reduced current flow or 

even current interruptions. Thus, a power level must be selected low 

enough to avoid excessive drying at the anode, yet high enough to maintain 

a reasonable potential gradient. 

Long periods of treatment may be required for prolonged electro-osmotic 

drainage, permeation of large quantities of chemicals, and/or treatment of 

a large volume of soil drainage, and large strength or water content 

changes. In many cases the duration of treatment must be determined from 

field observations and testing as the stabilization progresses although 

valuable information can be obtained from laboratory studies. 

Table 2 summarizes typical electrical requirements used in electro

chemical laboratory studies. Voltage requirements normally depend on the 

electrode spacing and the desired electric potential or gradient • . Typical 
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voltage requirements range from 30 to 270 volts. In electro-osmotic 

treatment a typical potential gradient is 0,5 volt/cm to 2.0 volts/cm. 

Initially greater potential is applied and later it is reduced. This may 

cause a rapid build-up of pore water tension (51). In electro-chemical 

studies, the gradient has varied from 1 volt/cm to 60 volts/cm with 

10 volts/cm being the normal maximum gradient. 

The amount of electrical energy consumed can vary greatly depending on 

the resistance of the soil, the amount of water to be moved, the amount of 

chemical to be moved, the degree of stabil izatlon required, e.tc. Based on 

a I imited number of embankment stabilization studies, electro-osmosis may 

require 15 to 25 kwh/yd3 of material. For electro-osmotic stabll ization of 

excavations 0.4 to 2.3 kwh/cu,yd have been reported (51). Normally, the 

I iterature indicates that electro-chemical treatment requires more electri

cal energy. Laboratory studies, Table 2, have shown that anywhere from 

10 kwh/yd 3 to I, 125 kwh/yd3 of treated material may be required for electro• 

chemical stab ii ization. About 10 to 15 kwh/yd3 was reported for an electro• 

sil icificatio~ job on an in-place loess (52). Treatment of friction piles 

has required as much as I ,000 kwh of energy per p ·i I e (48). 

The duration of field treatment depends on a number of factors includ

ing: type of treatnient, magnitude of electrical gradient, electro-osmotic 

permeability of the soil, volume of material to be treated, degree of 

stabilization required, etc. The duration of electro-osmosis has been 

reported to vary from a month to a year (29). The treatment duration in 

laboratory studies concerning electro-chemical treatment has ranged from 

8 hours to 30 days, Table 2. Only a very 1 imited amount of data is 

available concerning the duration of treatment in field applications of 

electro-chemical treatment. Guesva (50) reported a 3-day treatment period 

and Dearstyne and Newman (53) reported an 18-day treatment period. 

Theoretical methods for estimating the power required per unit volume 

in electro-osmotic applications are not always applicable to field soil 

conditions, however, techniques developed by Gray and Mitchell (18) at 

least provide an indication as to overall feasibility. 
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Power consumption can basically be computed from: 

Power (Watts) • Current (Amperes) x .Appl led Electrical Potential (Volts). 

The Casagrande formula for calculating current requirements for electro• 

osmotic treatments Is as follows (29): 

where 

1 1 
I • ,c -r LEN (log d/r

1 
+ -1o-g-d/_r_

2
) 

I• current (amps) 

L • length of electrodes (cm) 

E • potential difference (volts) 

N •#of anode-cathode pairs In parallel arrangement 

d • distance between anode and cathode (cm) 

r1 • anode radius (cm) 

r2 • cathode radius (cm) 

-r • specific conductivity of -1 -1 the soil (ohm cm ) 

(12) 

No such theoretical approach was found for determining power or current for 

electro•chemlcal treatments. However, In general, the current or power 

requirements would be higher than Indicated by the above procedures. 

Types of Electrodes 

The type of electrode used in electrical treatment procedures depends 

to a certain extent on the particular typa of procedure but normally con• 

sists of some type of metal pipe, rod, rail, etc. capable of conducting an 

electric current with a minimum of resistance. Probably, the most conrnonly 

used electrodes in electro-osmotic stabil izatlon are Iron pipes or steel 

rails. The electrodes must possess sufficient rigidity to be driven into 

the embankment although jetting is also use~ to place the electrodes. A 

metallic well point is often used as the cathode in order that the exces

sive water which collects at the cathode can be removed. 

Electro-chemical treatment procedures, depend primarily on the migra• 

tion of Ions and/or the introduction of new cations. Several types of 
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electrodes have been tried. Table 3 summarizes a number of materials that 

have been used as electrodes. Cathode materials have included steel, Iron, 

copper, and aluminum. The anode which is often eroded during electrical 

treatment is normally composed of aluminum, although laboratory procedures 

have used nonmetallic reservoirs filled with a solution such as Cat1 2. 

Friction piles are often sheathed with thin aluminum which serves as the 

electrical conductor and also may contribute aluminum cations to the soil 

mass. 

Electrode Spacing 

The optimum electrode spacing is dependent on a nurnber of factors 

including: soil properties (electro-osmotic permeabll lty, activity, pore 

water electrolyte concentration, etc.), the desired amount and rate of 

water removal in electro-osmotic appl I cations, the magnitude of energy 

input, the types and characteristics of chemicals used, etc. 

Casagrande has used optimum spacings of 10 :o 15 ft for cut slope 

electro-osmotic stabll ization in silty soils. For electro-osmotic embank• 

ment stabilization, and for more clayey materials, lesser distances of 5 to 

10 ft might prove more efficient (29). 

Reported electrode spacings in electro-chemical treatments ranged from 

3 to 5 ft indicating that possibly a closer spacing is required for electro• 

chemical stabilization procedures (50,52,53). 

Types of Soils Treated 

Silty and clayey soils have been successfully treated by electro

osmosis. The method is best suited to silts, as a much higher electrical 

consumption can be anticipated in clays. Most applications to date have 

been with saturated soils with no pre-loading history. Extremely high 

initial water contents and sensitivity explain the electro-osmotic related 

strength increases of 10 to 150 times reported in the literature for 

extremely weak soils (29). 

A number of fine-grained soils have been treated in the laboratory by 

elect ro-chemical means. Table 4 sumrnarizes general information and common 
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Invest f gator 

Esrfg (16) 

Table 3 

Reported Types of Materials Used 
for Electrodes in 

Electro-Chemical Laboratory Studies 

Cathode 

Steel or brass grid 

Murayama and Hise (17) Aluminum 

Adamson, et al. (40) Iron 

Adamson, et al. (41) Iron 

Shukla (45) Copper 

Nettleton (43) Copper 

Nettleton (42) Copper 

Geuze, et al. (44) Ahrnf num 

Bofko (46) -

Es r f g (21) Steel or brass grid 
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Anode 

Carbon rod reservoir 
with CaC1 2 solution 

Aluminum 

Aluminum 

Aluminum 

Perforated aluminum 
discs 

Aluminum 

Al umf nwn 

Alumfn1.1n, Copper 

Hollow, porous, non• 
metallic reservoir 
with iron anode 

Carbon rod 



O
'\ 

O
'\ 

In
v

es
ti

g
at

o
r 

N
et

tl
et

o
n

 
(4

3)
 

N
et

t I
 e

to
n

 
(4

2)
 

E
sr

ig
 

(1
6)

 

A
da

m
so

n,
 

e
t 

a
l.

 
(4

0)
 

A
da

m
so

n,
 

e
t 

a
l.

 
(4

1)
 

S
hu

kl
a 

(4
5)

 

M
ur

ay
am

a 
an

d 
H

is
e 

(1
7)

 

G
en

ze
, 

e
t 

a
l.

 
(4

4)
 

B
oi

ko
 

(4
6)

 

Es
 r

ig
 

(2
1)

 

(a
) 

L
iq

ui
d 

L
im

it
, 

%
. 

T
ab

le
 4

 

Su
m

m
ar

y 
o

f 
V

ar
io

us
 

T
yp

es
 

o
f 

S
o

il
s 

U
se

d 
in

 
E

le
ct

ro
-C

he
m

ic
al

 
L

ab
o

ra
to

ry
 

In
v

es
ti

g
at

io
n

s 

S
oi

 1
 

L
L

(a
) 

-
P

ur
e 

K
ao

) 
in

it
e
 

70
 

P
ur

e 
H

o
n

tm
o

ri
ll

o
n

it
e 

87
0 

P
ur

e 
ll

li
te

 
(G

ru
n

d
it

e)
 

64
 

M
o

n
tm

o
ri

ll
o

n
it

e,
 

ll
li

te
, 

an
d 

K
a

o
li

n
it

e 

S
o

il
s 

hi
gh

 
in

 H
o

n
tm

o
ri

ll
o

n
it

e 

F
in

e-
g

ra
in

ed
 s

o
il

s 
fr

om
 

In
d

ia
 

33
-7

5 

C
la

y 
so

il
s

. f
ro

m
 J

ap
an

 
39

-7
6 

H
ea

vy
 

cl
ay

 w
it

h
 t

ra
c
e
 o

f 
p

ea
t 

A
rg

il
la

ce
o

u
s 

so
il

 

11
1 

i t
e
 

64
 

(b
) 

P
la

st
ic

it
y

 
In

d
ex

,%
. 

(c
) 

C
la

y 
c
o

n
te

n
t,

<
 0

.0
02

 l
11

TI
 
si

z
e
,%

. 

P
ro

ee
rt

ie
s 

Pl
 (

b)
 

ll
±

(c
) 

....e
.!! 

40
 

60
 

6
.4

-7
.3

 

80
0 

97
 

8
.3

 

35
 

38
 

2
.5

 

7-
3 

10
-4

7 
-

6
.2

-7
.7

 

35
 

38
 

2
.5

 



physical properties of a number of the soils that have been treated. 

In many cases, pure clay minerals (montmorillonite, illite, and kaolinite) 

have been treated . Other soils treated have included fine-grained soils 

from India and Japan. Geuze, et al. (44) treated a heavy clay that conm 

talned traces of peat. 

Electro-chemical treatment has been tried in the field on various soil 

types Including: soft varved clay (49), silty soil of low plasticity (ML) 

(51), 1oess (52) and a fine-grained clayey subgrade (53). 

Effects of Electrical Treatment 

a) E1ectro•Osmos Is 

As previously Indicated, few applications of electro-osmosis to 

embankment stabilization have been made. The West Branch Dam offers 

typical res ults. The shear strengths were increased from \' .4 to 0.7 tsf 

to about 0.6 to 1.0 tsf. Shear strengths greater than about 20 psi have not 

been achieved. In lldditlon, those shear strengths noted du r ;~g and lnrne• 

dlate1y after trG~tment are not permanent. Some permanent strength Increases 

have however been noted. 

b) E1ectro•Chemlca1 Procedures 

The results obtained from various Investigations have in most cases not 

been extremely encouraging. A sunrnary of the findings of a number of 

laboratory investigations concerning electro-chemical treatment may be found 

in Table 5 and Table 6. 

A number of investigators (14,16,17,40,41,42,43,45) have reported 

Increased shear s ~ _gth values (reported as coh.es Ion intercept ion and vane 

shear strength) after electro-chemical treatment, Table 5. Shear strength 

improvements attributed to the e1ectro•chemlca1 treatment ranged from 0.2 psi 

to 13 psi. However, typical shear strength improvement averaged about 1 psi, 

Table 5. Esrig (16) reported a vane shear strength of 8 to 11 psi at the 

cathode but only 0.2 psi at the anode after electro-chemical treatment. 

Boiko (46) reported a soaked (13 months) compressive strength after electro• 

chemical treatment of 70 to 140 psi. 
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Table 6 

Typical Results of Esrig's (21) Laboratory 
Study of Electro•Chemical Treatment with 

Various Chemical Solutions 

Strength Due to Type of Chemical Shear Strength, psf Electro-Chem I cal Sol ut Ion Initial Final Treatment, psf 
Dist I tied water 17 155 25 
KOH 25-50 160-450 40-320 
Cact

2 3-4 255•405 240-400 
NH4Ct 4 110 100 
KH2Po4 4 210 200 
FeS04 4 35 30 
Na4sto4 3-4 200-680 190-640 
Na2so4 5 265 260 
At 2 (so4)

3 3-4 65-75 60-70 
Af4-.9 4-20 60-95 10-85 
Arquad 2 HT• 75 4 48 40 
Al fquat H226 3-4 50-235 40-225 
Chempact 4 40-45 35-40 
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In another study (21) in which Esrig examined the effect of introducing 

a number of chemical solutions at the anode, 1 imited strength Increases were 

obtained, Table 6. Maximum shear strength improvements of 640 psf (5+ psi) 

were attributed to electro-chemical treatment. However, in general, shear 

strength increases were limited to less than 200 psf (1.5 psi). 

Where examined, the remolded values of liquid I imit and plasticity 

Index decreased after electro-chemical treatment. 

Field studies have indicated that a slight increase in local strength 

may be obtained. The bearing capacity of friction piles has been signifi• 

cantly increased by the use of electrical treatment (17,43). Gueseva (50) 

reported that electro-chemical treatment (calciLm and magnesiwn chloride 

solution) Improved the load bearing capacity of a foundation. The load 

bearing capacity increased from about 20 psi to 70•140 psi. Talme (9) has 

reported a slight increase in shear strength after electro-Injection of a 

calcium chloride solution. Haxlmwn shear strengths displayed however were 

less than 2 psi. 

Costs Involved In Electrical Treatment 

Due to Jack of appl !cation, few cost figures are available concerning 

electro-osmotic stabilization of embankments. About $2.50 per cubic yard 

of treated materia? was the estimated cost on the West Branch Dam (29). It 

can however, be stated that, compared to other methods of stabilization, 

electro-osmosis may be quite expensive. This factor alone has severely 

limited its usage (6,25,29,36). 

Unfortunately, only one instance was found concerning direct cost data 

for electro-chemical treatment. Dearstyne and Newman (53) reported that 

the treatment of a runway embankment costs about $35 per linear ft. The 

cost of treatment would include such items as: 

I. electrical energy 

2. cost of chemicals 

3. cost of electrodes 

4. labor costs 
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The -.:,unt of electrical energy as measured in KWH/yd3 might be used 

as a guide to the cost of electrical energy. Chemical costs can range from 

Inexpensive for low concentration treatments with CaC1 2 to quite expensive 

If high concentrations of such chemicals as aluminum acetate are used. 

Electrode cost would depend on the type of electrodes and the ability 

to salvage the electrodes. 

CHEMICAL GROUTING 

Introduction 

The primary objective of the grouting process Is to Inject a grout 

Into the pores of a soil system In order to Increase the In-place stabll lty 

and/or to decrease the permeability of the system. For these purposes, 

chemical grouts have a distinct advantage over particulate grouts In that 

the grouting material Is dissolved In a liquid and may have a viscosity 

approaching that of water, thereby enhancing the abll lty to Inject the 

grout Into small pores. 

A number of chemical grouts have been used In the construction 

Industry, but In general, silicates, resins, chrome•llgnin, and AM-9 have 

been the most widely used. Chemical grout applications include foundations, 

tunnels, dam sites, sewers, concrete structures, etc. 

References 56 and 57 contain extensive blbllographles concerning 

chemical grouting. Reference 56 also contains a substantial llstlng and 

accompanying discussion of a number of fleld appllcatlons of chemical 

grouting. Pol Iuka, et al. (58) relate various field experiences with 

various chemical grouts. A general discussion of chemical grouting is 

Included In References 6 and 59. Reference 60 Is a chemical grout field 

manual that Is prlmarlly devoted to AM•9 type grout but contains discussion 

of the various aspects of chemical grouting. 

Chemical Grouts 

A number of chemical grouts have been developed. A majority of the 

early chemical grouts were developed for use in oil wells. However, the 

construction Industry realized the applicability of various grouting 
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techniques and a number of specialized grouts were developed. A brief 

discussion of a m1nber of the available chemical groutin,9 materials is 

presented in Reference 56. 

The properties of chemical grouts can vary considerably depending on 

the particu!ar grout. Karol (61) has I isted characteristjcs of an ideal 

chemical grout as follows: 

I. ability to beneficially modify strength and permeability, 

2. water soluble powder, 

3. non• toxic and non-corrosive, 

4. density and viscosity similar to water, 

5. no change in density and viscosity until gelation, 

6. instantaneous gelation (but controllable Induction time), 

7. no influence of soil chemicals, minerals, and Impurities on the 

react ion, and 

8. low cost and high avallabil ity. 

Basically, there are two groups of chemical grouts. One group of 

chemical grouts contains those chemical grouts which form chemical com

pounds through metathetical precipitation. This grout includes the sodium 

silicate variety of grouts. The second group of grouts contains those 

chemical grouts which form chemical compounds through a polymerization 

process in which organic polymers are formed. Certain chemical grouting 

processes such as dissolution do not realistically belong in either of the 

aforementioned groups. Figure 22 depicts a few types of structures that 

are produced in the chemical compounds of certain chemical grouts. Table 7 
I ists a number of the chemical grouts and the chemicals involved. 

a) S ii i cat es 

The sodium silicate chemical grouting process was probably first 

widely used under the name of the Joosten process. In this process, sodium 

silicate is combined with other chemicals to form an insoluble hydrated 

silicate. An acid such as hydrochloric may be used to neutralize the basic 

sodium silicate, and cause precipitation of the silicate; addition of a 

divalent or trivalent cation can also be used to cause precipitation of the 
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Mode of 
Grouti"9 AQent Network Formation 

Portland 
Cement 

Bentonlte 

Silicate 

Pt'enaplost 

AM-9 Type 

Inter lockinQ 
Crystals 

Surface Char9e 
Neutralization 

Po lycondensed 

Polycondensed 

Vinyl 
Polymerization 

Oia;rammatic 
Representation 

Oti OH 
I O-Si-0-

0-Si-OH OH I I 
I . I OH 

9 OH-S1-0-Si-OH 
I I 

OH-Si 0 OH 
I 

OH 

~ -QCH2 

CH:! CH:! CH ~ -0 
~~ 

2 

c~ 

Figure 22 Stabilization Mechanisms for Several Chemical Grout Types 
(From Ref. 71t) 
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Table 7 

A Number of Chemical Grouts and Their 
Constituent Chemical Compounds 

Chemical Grout 

Sodium Silicate 

Chrome•Lignin 

Resins 

Epoxy 

Polyester 

AM•9 

Phenop 1 as ts 

74 

Chemicals Involved 

Sodium Silicate plus 
Calcium Chloride or 
Copper Sulfate 

Sodilan Silicate plus 
Hydrochloric Acid 

Lignin (Ligno Sulfite) 
plus Sodium Dichromate 

Resin base plus 
Hardener or Catalyst 

Polyester resin base 
plus Catalyst or 
Hardener 

Acrylamlde N,N'• 
Hethylenebls Arcylamlde 
plus Activator Catalyst 
and Initiator Catalyst 

Pheno plus Formaldehyde 



slllcate (62). Calcium chloride is often used as a source of the divalent 

cation but copper sulfate has also been used. In general, the rate of 

preclplt~tlon or gelation ls controlled by the degree of dilution of the 

s I 1 i cat,.!. 

! . Ch~ome•Llgnln 

,;, , ~ m!li"lufacture of paper, lignosulphite is produced as a byproduct. 

Upor, ~h . · .. J a dlchromate solution to the lignosulphite liquor, precipita• 

tlon or g~latlon occurs as the result of an oxidation process. 

c) Polymers 

By combining single organic molecules, referred to as monomers, in a 

polymerlzatlon process, organic macromolecules are formed. In some pro• 

cesses, polymers are Injected; In others, monomers are injected; and in 

stlll others, partially polymerized monomers are injected. Heat, pressure, 

and catalysts are the three means used to Initiate polymerization; the 

latter being the conmon means for grouting (56). 

One of the greatest advantages of the polymer type grouts ls the fact 

that Ir.mediately after mixing, the monomer mixtures often have viscosities 

approaching that of water. At least one polymer grout, AH-9, ts dissolved 

In water prior to Injection. 

Included In the 11st of polymer type chemical grouts are: resins, 

phenoplasts, and AM-9. In resin grouts, a resin base (epoxy or polyester) 

ts combined with a hardener or catalyst. Limited experience with resin 

chemical grouting Is described in References 63 and 64. 

Phenoplast grouts consist of a combination of phenol and 

formaldehyde (62). AM-9, a proprietary chemical grout, has received exten• 

sive discussion In the literature (65,66,67). Essentially, AM-9 consists 

of acrylamlde N, N1-methylenebis acrylamide. It is combined with an 

activator or initiator catalyst prior to injection. 

The dissolution chemical grouting procedure consists of injecting acid 

into a soil system. The acid is used to dissolve silicates in the soil and 

produce silicate cementing materials (56). 
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The Chemical G_routing Process 

The normal process involved In chemical grouting consists of either 

mixing the chemicals and then injecting them, referred to as a 11one•shot11 

process or to inject one chemical or group of chemicals and then inject 

another chemical or group of chemicals into the mass in what Is often 

referred to as a 11 two-shot11 process. Probably the first process used was 

the Joosten process (early 1900s) which was a two-shot sodium silicate 

grouting process (58,66). 

,~ the one-shot process the major advantages are: mlnim1.1n handling of 

materials and more complete penetration and greater grouting radius. The 

major disadvantage is related to the grout mixture setting or gelling prior 

to injection and clogging injection equipment. The two-shot process has 

disadvantages In that no control over the uniformity of mixing can be 

obtained and the radius of grouting is often I imited by the rapid setting 

time of the materials close to the grout point. The major advantage is 

related to the ease of handl Ing of the chemicals without the worry of set 

or gel prior to injection. 

When chemicals are mixed together to be injected in a 11one•shot" pro• 

cess or injected separately in a ''two-shot" process, the materials mu~t be 

In a l !quid form. Many liquid chemical solutions have a viscosity close to 

that of water. In general, the lower the viscosity, the greater the ease 

of injection -- especially into materials with a low permeabll ity. 

Figure 23 illustrates the v iscosity of various chemical grouts. For 

comparative purposes, the viscosity of a bentonlte grout has also been 

plotted in Figure 23. 

Subsequent to mixing, the chemical solutions possess a fairly constant 

viscosity for a period of time, often referred to as the induction period. 

This is the period prior to set or gelation during which injection is nor

mally attempted. As time progresses however, the viscosity of the chemical 

grout solution normally increases until an effective set or gelation has 

occurred. Figure 24 i llustrates the effect of time upon the viscosity of a 

number of chemical grouts. 
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Figure 23 Viscosities of Various Grouts 
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Injection or grouting pressures ar~ normally limited by the amount of 

overburden and c:onwnonly Is I lmlted to about one psi per ft of overburden. 

Ran9e of Materials Successfully Treated 

Normally, successful chemical grouting Is limited to usage with 

coarser textured materials such as sands, gravels, and fissured rock forma

tions. In general, great difficulty Is encountered In applying chemical 

grouting techniques to the treatment of cohesive finer-grained soils. 

The main problem associated with chemical grouts relative to grouting 

of fine-grained materials Is the Inability to Inject them Into the system. 

Normally, the permeability Is very low and the soil pores may already be 

filled with water. Even though the viscosity of a few chemical grouts 

approaches the viscosity of water, It may be difficult to displace the 

water In a saturated system and replace It with chemical grout. 

Karol (6,66) has suggested an e-•=1uatlon which can be used to determine 

the radial distance from a grout point to which a chemical grout will 

penetrate: 

where 

r • 0 62 
3/iist . v-:-

r • radial distance, ft 

R • ratio of water to grout viscosity 

g • rate of grout take, cu. ft per minute 

t • gel time, minutes 

n • soil porosity 

(4) 

From this equation, It is noted that the radial distance and rate of 

grout take might be increased by Increasing the time of Injection or 

decreasing the viscosity of the grout. In addition, increased grouting 

pressure will Increase grout take thereby Increasing the radial distance; 

however, grouting pressure ts normally limited in embankment grouting 

operations due to the shallow depths of grouting. 
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Figure 25 Illustrates typical ranges in soil particle size in which 

various chemical grouts have been successfully used. Silicate, resin, and 

chrome•llgnin grouts are normally restricted to use with soils in which the 

minimum particle sizes are larger than 0.07 to 0.15 mm. Caron, et al. (63) 

have reported the successful use of resins In soils with as much as 

60 percent passing the nL1T1ber 200 sieve (0.074 mm), Figure 26. Abelev and 

Askalonov (68) reported the use of sodiLITl silicate grouts with silty 

materials with plasticity indices as great as 18 percent which would 

Indicate a fine-grained texture. 

Although isolated cases of us e with quite fine-grained materials have 

been report ,;:,i, normally in the application of silicate, resin, and chrome• 

llgnin grouts, a 010 of the so i l of greater than 0.1 mm is desirable. 

AM-9, due to its lower viscosity, reportedly can be successfully 

injected into finer-grained materials than other chemical grouts (69). 

Figure 27 illustrates the particle size distribution of soils in which AM-9 

has been used. 

Effect of Treatment 

In this project the major objective is to improve the strength of an 

In-place fine-grained soil. Most chemical grouting processes have been 

used to fill the voids and decrease permeabll ity. The strength of the 

material which has been treated with grout ls primarily controlled by three 

factors . Firs t , the strength of the natural In-place material; secondly, 

the degree of uniformity to which the 9~outlng material has been injected 

into the system; and thirdly, the inheri;:11t strength of the grouts. In 

fine-grained soils natural strength may be quite low. In addition, in the 

fine-grained soils it is very difficult to inject any type of grout whether 

chemical or other types to create a uniformly treated mass. As a result, 

the strength increase obtained from chemical grouting fine-grained cohesive 

soils may be rather 1 imited. 

The inherent strength of a chemical grout may be rather high. Although 

not typical of all chemical grouts, Erickson (64) has reported that various 

resin grouts (epoxy and polyes ter) c~n have tensile strengths on the order 
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Types are Useful (From Ref. 73) 
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Figure 26 Grain Size Distribution of Soils In Which Resin Grouts 
Have Been Successfully Used (From Ref. 63) 
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of 6,000 to 9,000 psi, flexural strength on the order of 9,000 psi, and 

compressive strengths ranging from 10,000 to 20,000 psi . With grout 

strengths of this magnitude, if uniform and thorough Injection of the grout 

Into the pores could be accompl lshed a high strength mass could be obtained. 

Abelev and Askalonov (68) have reported the successful treatment of Joess 

with a sodium silicate chemical grout, Reported compressive strengths 

(unsoaked) for the treated loessial soils ranged from 85 psi to 350 psi. 

Polivka, et al. (58) reported compressive strengths of a fine sand treated 

with sodlun silicate to range from 100 to 500 psi. Tschebotarloff (70) 

has reported the use of sodium silicate to control the vibration of a 

gas compressor foundation on fine sand. Gnaedlnger (71) has presented 

results of strength studies on sodium sll lcate and AH-9 treatment of a sand 

which indicated that the modulus of elastlclty (a
3 

• 5 psi) was Increased 

approximately four times over the natural soil. Schiffman, et al. (67) 

reported the results of sand treated with AM-9, Figure 28, where Increased 

relative density decreased the strain at maximum stress and increased the 

maximum stress. The AM-9 manual (69) indicates that AM-9 grouts are rather 

rubbery elastic materials and for dense soils the .stabll ized strength ls 

normally primarily governed by the strength of the soil. 

Caron reported shear strengths of 7 to 10 psi for 1 lgno•sulphlte

chromate•sand mixtures (62). 

Cost of Chemical Grouting 

The cost of chemical grouting depends on a n1.1nber of factors including: 

type of material to be grouted, type and amount of chemical grout, complex

ity of grouting process, and size of project . 

Reference 56 Indicates that the labor costs in chemical grouting may 

be greater than the chemical costs. In general, silicate and chrome•lignln 

grouting materials will be Jess expensive than the resins, phenoplast, and 

polymer grouting materials. Fern (72) reports that the total cost of AM-9 

grout per cubic ft of grout ranges from $4 to $8. References 56 and 73 

Indicate that normal costs of chemical grouting range from $25 to $100 per 

cubic yard of treated material. 
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CEMENT GROUTING 

I ntroduct Ion 

Cement pressure grouting has been used extensively in the construction 

Industry since about 1900 (75). Cement grout consists of a mixture of 

cement particles and water. Upon being mixed with water, a hydration pro

cess Is Initiated. Injection of the grout must be made prior to 11set11 of 

the grout. Applications of cement grouting have ranged from cut-off walls 

and void fill Ing to mud jacking, strength improvements, and mixed-in-place 

soil-cement piles or intrusion grouting. 

Pertinent Applications 

The cement grouting task conmlttee of ASCE has prepared an excellent 

bibliography (76) concerning cement grouting. ASCE also has published 

results of a sympos ium on cement grouting (77). 

A large volume of the 1 lterature has been devoted to cement grouting 

as It pertains to grouting of rock excavatJons and foundations. Other 

reported applications include grouting of permeable soil deposits under 

dams In order to minimize water leakage. In the latter, often referred to 

as impermeablllzation applications, cement grout curtains or cut-off walls 

are constructed with the grout. Cement grout has been used to increase the 

strength of foundations under buildings, dams, heavy machines, bridge 

piers, etc. 

Applications of most pertinence to this project consist of grouting in 

roads, pavements, and railroad embankments. 

a) Roads and Pavements 

Unfortunately the literature indicates that most of the cement grouting 

appl I cations for roads and pavements have been concerned with "mud jacking." 

In this type of appl icatlon, grout ls pumped under a faulted pavement at 

sufficient pressure and In sufficient quantity to literally jack the pave

ment back Into position by the increased volume caused by the cement grout. 

In most mud jacking applications, very little grout permeates the subgrade. 

In some cases, the high pressure grout injection may be used to densify the 



soil surrounding the bulb of cement grout (Compaction Grouting). In 

general, however, saturat ed clay soils cannot be densified by this proce• 

dure (78). Typical descriptions of mud jacking may be found in 

References 79, 80, and 81. A discussion of the theory of mud jacking 

and compaction grouting may be found in Reference 78. 

b) Railroad Embankments 

Cement grouting has been used to increase the stability of soft, 

squeezing embankments and ballast roadbeds of railroads (76). Peck (82) 

and Smith, et al. (83,84,85,86) have reported that varying degrees of 

stabilization were obtained when cement grout was pressure injected into 

the roadbeds . In some cases, grout seams were formed in the fine-grained 

embankments under the ballast, Figure 29. In a majority of the cases, 

however, the pressure injected grout formed a discontinuous seam at the 

ballast-embankment interface. Substantial penetration of the grout Into 

the more permeable ballast was experienced in many cases, Figure 30. 

The cement grout used on these jobs normally contained a sizeable 

quantity of sand filler (asphalt emulsion or flyash was also added in 

certain cases) and was pressure injected to typical depths ranging from 

3 to 10 ft. Grout-take normally ranged from 1 to 3 cu.ft per linear ft of 

track although in one case the take was 19 cu.ft per 1 inear ft of track. 

The effect of the grouting was normally measured in terms of reduced 

maintenance expenses, although a 1 imited deflection study was conducted (82). 

In most cases, track maintenance expenses decreased, The deflection was 

reduced after grouting from 0.090 in. to 0.050 in. under a 11 H ght11 wheel 

load and from 0.215 in. to 0. 162 in. for the 11 heavy11 wheel loads. This 

would indicate that the stability of the ballast-embankment system had been 

improved . 

c) lntrus ion Mixed-in-Place Cement Grouting Procedure 

Mixing of cement grout and soil to form pile-like grout columns is a 

relatively common procedure . lntrusion•Prepakt, Inc. has a patented proce• 

dure in which the cement grout is mixed with the soil by employing a section 
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of continuous flight auger or a mixing blade with grout outlet ports in the 

le ~rend and a hollow stem, Figure 31. As the auger or mixing blade Is 

advanced Into the soil, a contro11ed quantity of grout is pumped through 

the hollow shaft and distributed through the outlet ports. 

The lntruslon•Prepakt cement grout is a mixture of cement, fly ash, 

Intrusion aid, and water (87 ;88). The strength of the cement grout-soil 

columns produced by the Intrusion procedure depends on: 1) type of soil, 

2) volume of grout, 3) water/cement (W/C) ratio of grout, 4) Intimacy of 

mixing, and 5) curing time. Figure 32 depicts typical stress-strain 

characteristics and the Influence of grout volume on the strength of 

Hugu Mud mixed with cement grout. It may be noted that grout volumes in 

excess of 50 percent of the tot a 1 vo 1 ume have been used. The Int lmacy of 
I 

mixing, which is normally controlled by the rate of advancement of the auger 

or mixing blade Into the ground, has a marked effect upon compressive 

strength, Figure 33. 

" A number of field applications of the Prepakt procedure have been 

reported (87). A field intrusion cement grouting experiment was performed 

In natural mud deposits at San Francisco Naval Shipyard (87). It was con• 

eluded from the study that the process of mixing grout In-place with soft 

soils to form pile-I Ike elements is feasible within limits, but is more 

adaptable to repair Jobs and small-scale construction than to large 

permanent works (87). 

The penetration of the cement grout into the soft mud was negligible•

strength improvement to the mass was accompl lshed by the formation of grout 

pi 1 es. 

d) Other Pertinent Applications 

Cement grout has been used to arrest slope failures along higtMay (89) 

and railroad embankments (84,85). 

Important Aspects of Cement Grouting 

Cement grout consists of a suspension of cement particles in water. 

The water ls used both as a transporting medium and to effect cement 
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• 
I) 

hydration. Additives and fillers such as caJcil.lYI chlorides, sand, fly ash, 

and emulsified asphalt may be added to the grout mixture, depending on job 

requirements. Type I cement Is normally used although Type Ill has been 

used because of Its greater relative fineness (90). The grout Is normally 

mixed to the thickest consistency that will allow ease of Injection into 

the mass to be grouted. Air pressure or positive displacement pumps are 

normally used to force the grout into the ground. There are a number of 

Important factors that affect the cement grouting processes. 

a) W/C Ratio 

The fluidity of a cement grout Is controlled by the amount of cement 

added. Typical water:cement ratios range from 10:1 to 4:1 (by volume) (90). 
Kennedy (90) stated that for finer-textured materials, if W/C ratios of 

less than 3:1 are used, pressures greater than 450 psi can not Inject the 

grout Into the system. Kravetz (91) indicates that cement grouts may not 

set up If W/C ratios are greater than 10:1. He further indicates that the 

elapsed time before setting increases with an increasing W/C ratio (91). 

b) Strength 

The strength of cement grout Is very dependent on the W/C ratio; nor• 

mally decreased strength is associated with Increased W/C ratios. Johnson 

(92) indicates that strength ls normally determined for the as•mtxed grout 

neglecting any loss of moisture. Typical unconfined compressive strengths 

are depicted in Figure 34. 

c) Grouting Pressures 

Grouting to shallow depths may limit the grouting pressure. Lippold 

(93) reports that a "rule of thunb" used for pressure grout Ing ts that the 

pressure should be limited to 0.75 to 2.5 psi per ft of cover. However, 

cement grouting pressures of up tu 100 psi were reported for the railroad 

roadbed stabilization projects where cover thickness was approximately 

5 to 10 ft (82,83). 
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Groutable Materials 

Cement grout can be pressured-Injected Into the void spaces in a soil 
or rock mass. Owing to the particulate nature of cement grout, the minimum 

pore size that the grout will penetrate Is limited. A basic parameter that 
Indicates the ability of a material to accept grout Is Its permeablllty. 
Kollbrunner and Blatter (94) Indicate that a coefficient of penneablllty 

•I greater thank• 1 x 10 cm/sec Is necessary for the penetration of cement 
grout. This would limit the use of cement grouting to materials more 
permeable than fine sand. Machls (95) states that 11 no amount of pressure 

can make a cement slurry pass through sands with grains finer than 0.59 ""'·" 
Kennedy (90) does Indicate that by using a Type Ill specially scalped 

cement, the D10 of the material to be grouted can be as small as 0.29 ""'· 

Probably one of the most useful criterion for detennlnlng cement 

groutab 111 ty Is the 11groutab 111 ty rat 1011 suggested by Johnson (92) • The 

groutablllty ratio for cement grouting Is represented In the following 

equation: 

co15> so 11 
Groutablllty Ratio• (Das> grout 

Johnson (92) Indicates that this ratio should be greater than 20 to 25 

for successful cement grouting. This criterion requires that the D15 of the 

soil must be larger than 1.6 to 2.0""' since typically the D85 of Type I 

cement ls on the order of 0.08 mm. For special Type I II cement (< 30µ), the 
015 of the soil must be larger than 0.6 to 0.75 mm (slit size). 

Effects of Cement Grouting 

The stability or strength of a grouted mass is dependent on a number 
of factors Including: Inherent strength of the soil, Inherent strength of 
the cement grout, the amount of cement grout placed in the system, and the 
intimacy attained In the grouting process. 

Due to the flne•grained nature of many low-strength subgrades, it may 
be virtually Impossible to Intimately permeate the soil with cement grout; 

although In some cases, fine sands and coarse silts might be successfully 
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Injected (see section on groutability). As a result, cement grout Injection 

into fine-grained soils probably will produce layers, seams, bulbs, spikes, 

etc. of grout rather than an Intimate mixture. When this happens, strength 

Improvement may be effected In stabll ized zones and the degree of strength 

Improvement wl 11 depend upon the relati\'e strength of the grout and the 

relative amount of grout In the system. 

The strength of the cement grout ts dependent on the W/C ratio and If 

used, the amount of sand filler. Figure 34 Illustrates 28-day compressive 

strength for various cement grouts. From this figure, It Is noted that at 

W/C ratios greater than about 3:1 compressive strengths of the grout are 

less than about 140 psi. Cedergren (96) Indicates that the strength of 

sand-cement grouts normally ranges from 100 to 700 psi. For cement grouts 

containing clay filler average grout strengths are about 100 psi (96). 
It is apparent, that unless large quantities of cement grout are 

Injected into the system to form improved zon,,s, the strength of the cement 
grout-soil system may be only slightly Improved over the ungrouted strength. 

Costs 

The costs involved in cement grouting can vary greatly depending on 

the type of material to be grouted, the amount of grout used, the extent of 

the job, and various other job requirements. Smith (84) reported cost 

figures for cement grouting of soft yielding railroad subgrades that ranged 

from $0.25 to $2.13/ft3 of grout placed with an average of $0.53/ft3• 

Sherard (97) Indicated that typical cement grouting costs will average 

$8 to $15/yd3 of treated material. 

LIMt STABILIZATION PROCEDURES 

Introduction 

Lime has been widely and successfully used as a stabilizing agent for 

fine-grained plastic soils. Most applications, however, have been directed 

toward improving the properties (strength, plasticity, workability, etc.) 

of the fine-grained soils in order that the material can be used as pavement 

structural layers (base, subbase), an improved subgrade, or a construction 

"working table." In most conventional applications, lime (3 to 10 percent 

by weight) is added to the ~oil and an intimate blending is effected by 
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various pulverizing and mixing operations. Following the blending 

operations, the 11me•sol1 mixture is compacted. 

The usual pulverization, mixing, and compacting operations, common to 
11orlglna1 construction," are not possible when stabilizing in-situ fine

grained subgrades beneath an · existing pavement. Requisite to deep layer 

stabilization, any stabilization scheme chosen must not cause significant 

disturbance to the existing pavement surface. As a result, certain of the 

advantages gained by using lime, as in conventional construction, cannot be 

obtained In the stabilization of In-situ embankments. However, a number of 

laboratory studies and field applications have Indicated that lime can 

still be effectively used to stabilize In-place embankments under existing 

pavements. Procedures that have been or might be used to introduce lime 

Into the subgrade Include: (a) introducing quick or hydrated lime Into a 

smal 1 diameter shaft drl lled Into the embankmen•i: (drll led-hole lime), 

(b) high-pressure Injection of a lime slurry Into the embankment, and (c) 

mixing In-place cylindrical zones of lime and soil. 

Stabll lzatlon t~l!chanlsms 
.....,.......,-..-........ :. w,,<'""· ---

Lime Is an "active" stabll lzlng agent•- that Is, it reacts with 

fine-grained soils causing physical and chemical changes during the 

stabilizing process. Thus, physical and chemical soil properties are very 

Important. The fine-grained soil material Is actually a reactant and not 

simply an Inert mass. 

When lime Is mixed with a fine-grained soil in the presence of water, 
the pH of the system increases to about 12.3, the pH of a saturated 1 lme• 

water solution. Although lime is not highly soluble in water (0.1 to 
0.2 gm per 100 gm of saturated solution), excessive ca* cations are 

introduced Into the system. Once the pH Is raised and excessive calcium 

cations are present, occurrence of the common stabll izing mechanisms may 

proceed. 

a) Cation Exchange and Flocculation/Agglomeration 

Two mechanisms, cation exchange and flocculation/agglomeration, are 

Initiated soon after the addition of lime. Cation exchange occurs rapidly 
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as the Ca++ cations replace other cations on the surface of the clay 

particles. The result is primarily a calcium clay which exhibits reduced 

plasticity index and swell characteristics. Although the plasticity index 

is reduced substantially, no significant strength increase is attributed to 

cat ion exchange. 

Cation exchange will occur if excessive calcium cations are available 
' 

regardless of the soil 11state. 11 That is, a soil need not be pulverized and 

manipulated for cation exchange to occur. For example, If a lime slurry is 

dumped Into a ho1e drilled in an embankment, exchange will occur readily 

around the periphery of the hole and outward in fissures, etc., in the soil 

mass. As the calcium cations migrate through the soil, cation exchange 

will progress even in the undisturbed soil state. 

In systems where manipulation and pulverization are possible, floccula• 

tlon and agglomeration of the soil particles are initiated soon after the 

I ime is introduced. Conceptually, the mechanism can be viewed as a 

reorientation of soil particles from the dispersed state to random 

(flocculated) orientation. The flocculated soil grains also cluster 

together into agglomerate particles forming a secondary, aggregate-like 

structure. lrm1edlate changes in soil plasticity, workability, swell, and 

strength characteristics occur. Plasticity and swell are reduced and 

workabil tty is substantially improved because of the low plasticity and the 

friable nature of the mixture. Thompson (98) and Neubauer and Thompson (99) 
have shown that significant improvements in strength (modulus of deforma• 

tlon, CBR, etc.) are effected invnediately after lime is mixed with a fine• 

grained soil, Table 8 and Figure 35. lrm1ediate unsoaked CBR values ranging 

from 4 to 25 have been noted. Stability improvement displayed by 1 ime 

treated soils at very early ages has been attributed to the flocculated 

structure which is formed. 

In confined systems where no mechanical manipulation or m,x,ng can be 

accomplished, it is highly uni ikely, though not impossible, that particle 

flocculation and agglomeration can occur. Such a reorientation of particles 

may occur at d isturbed, unconfined interfaces such as the periphery of a 

drill hole. It is difficult to conceive how such structural changes can 

occur in a mass with overburden and confining pressures. Although cation 
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exchange takes place, the Improved strength properties that result from 

flocculation and agglomeration in an open system cannot be obtained through

out the soil mass. Thus, significant early gains in strength cannot be 

anticipated due to the flocculation/agglomeration mechanism. 

b) Carbonat Ion 

Unlike cation exchange and flocculation/agglomeration this reaction is 

not ilfflledlate. Carbonation refers to the combination of calcium hydroxide 

or calcium oxide In the lime with carbon dioxide from the air or ground 

water to form calcium carbonate, a reversal of the lime-producing process. 

Although weak cementing agents are formed, the carbonation reaction depletes 

the 11supply11 of l lme needed for the pozzolanlc reaction (discussed below), 

eventually leading to a drop In pH. In conventional stabilization, care ls 

taken to seal the pulverized mix and thus avoid prolonged exposure to co2 
from the atmosphere. If such precautions are not taken, especially In 

industrial areas, normal strength Increases may be reduced. 

Carbonation of lime used In In-situ embankment stabilization due to 

CO2 In the air would be less extensive than In conventional practice. How• 

ever, co2 may be dissolved In the ground water, result•lng In carbonation 

within the treatment area and surrounding soil already penetrated by 1 ime. 

No quantitative data are available to establish what strength Increases may 

be attributed to the weak cementing agents. Proposed techniques whereby 

carbon dioxide Is 11 pumped11 Into the soil mass to react with the 1 ime and 

form calcium carbonate are presently unproven. It seems highly unlikely 

that CO2 and 1 lme could be uniformly distributed throughout a confined soil 

mass. Likewise, the weak cementing agents formed could hardly be depended 

upon to substantially Increase subgrade CBR values. 

c) Lime-Soil Pozzolanic Reaction 

The most important lime-soil reaction mechanism (with respect to 

strength increases) is the pozzolanic reaction. The reaction involves ca* 

contributed by the 1 lme and silicate and/or aluminate liberated from the 

soil at high pH levels. They combine to form various types of hydrated 
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calcium silicates and/or calcium a1uminates. These strong cementing 

products are s1imi1ar to those formed in the hydration of port1and cement. 

The magnitude of strength gain displayed by a 1ime•soll mixture is a 

measure of the 11 11me•reactlvlty11 of the particular soil. The degree of 

1 ime•reactivlty has been found to be controlled by various physical and 

chemical soil properties. Thompson (100) conducted an extensive study 

concerning the lime-reactivity of Illinois soils. He found that such 

factors as natural soil pH, degree of weathering, clay mineralogy, organic 

matter content, soil horizon, and type of natural drainage have a signlfi• 

cant influence on the degree of 1 lme•reactlvity of fine-grained soils (100}. 

Since the soils in Thompson's study (100) were quite limited In geographical 

extent, the preceding 1 ist of soil properties found to Influence lime• 

reactivity of Illinois soils is by no means complete for all fine-grained 

soils of the world. For example, a study (101) presently In progress 

concerning the lime-reactivity of highly weathered residual soils from 

various areas of the world indicates that highly weathered residual soils 

can be very lime-reactive (highly weathered 111 tnols soils are not). 

Assuming that a soil Is 1 ime-reactive, a number of other factors tend 

to influence the magnitude of strength that Is developed. The lime• 

pozzo1anic reaction Is time and temperature dependent. Below temperatures 

of about 40°F to so°F, the pozzo1anlc reaction is retarded and may be 

dormant but wi11 continue when the temperature ts elevated to higher 

temperatures. In some geographical locations, a low ground temperature 

(< so°F to 60°F) may exist in the subgrade (depths> 3 to 4 ft below 

surface) throughout the year. In such cases, the rate of strength gain 

resulting from the 1ime•pozzo1anic reaction may be quite slow. Elevated 

temperatures greatly accelerate the rate of reaction, although extremely 

high temperatures cannot be expected in the subgrade. 

An increased length of curing period (at a given temperature above 

4o0 to so°F) produces higher strength mixtures as a result of an increased 

quantity of reaction product. 
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In get11eral, assuming a satisfactory tefl1)erature regime exists, the 

pozzolanlc reaction will continue as long as lime is available to the 

system and the pH remains high. 

Translocatlon of Reactants 

In deep layer stabilization, the region of improvement that can be 

effected by the llme•soll pozzolanlc reaction and other mechanisms Is 

dependent on the ability to blend or permeate (lime slurry) the soil with 

lime or the ability of the lime to migrate away from a free source of lime 

such as a llme seam or a drilled hole. Due to the constraints Inherent In 

deep layer stabilization, llme distribution by blending or permeation pro

cesses may be limited. However, due to the nature of lime, it Is possible 

to obtain Increased distribution of the lime through migration or self• 

diffusion processes. 

Diffusion of lime through the soil structure Is an extremely slow 

process (see Section III for a more complete discussion of the diffusion 

process). Water provides a medfum through which the lime can diffuse in 

the soil-water system. Because of Interactions between the clay particles 

and exchangeable cations and the clay and water the diffusion process is 

very complex (12). The Intricate pore structure of an in-place clayey soil 

tends to retard migration In much the same way as electro-osmotic flow is 
++ resisted. Cations (such as Ca ) generally migrate faster than negatively 

charged ions. 

Davidson, Demlrel, and Handy (12) studied lime migration characteris• 

tics in large lumps of pulverized soil taken from compacted lime-soil 

mixtures. Quantitatively, they found that the rate of hydrated calcltlc 

lime penetration by diffusion into the soil system could be expressed by : 

where 

t • k tl/2 
d 

I• lime penetration distance, in. 

t • time, days 

kd • diffusion constant, in./day • 
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The value of kd for their particular soil system (a plastic loess) was 

0.081 in./day. 

Differences in clay content, clay mineralogy, density, absorbed 

cations, and curing temperature will affect the value of the diffusion 

constant. In addition, carbonation of the 1 ime within soil pores may 

reduce the rate of diffusion. Temperature also exhibits a marked influence 

on 1 ime ~igratlon with increased temperature associated with higher rates 

of diffusion (12). 

A drilled-hole application for slope stabilization in Iowa (13) 

indicated that the migration or diffusion constant, kd in Equation 7, was 

0.63 in./day. The soil treated was less dense than the laboratory speci• 

mens previously m*ntioned and at a higher water content. These factors, 

along with differing clay content and mineralogy, temperature, and amount 

of I ime carbonation, may account for nearly an order of magnitude differ• 

ence in kd values. (Quicklime was used on the above referenced project. 

It was speculated that the heat of hydration and pressures occurring when 

quicklime was added to water may have forced lime Into fissures and 

accelerated the diffusion and pozzolanlc reaction at elevated temperatures.) 

As previously mentioned, many factors Influence the diffusion of lime 

through a soil mass. Basic properties such as soil permeabil lty, tempera• 

ture, density, etc., have a profound effect on the rate of diffusion. The 

Iowa study (13) Indicated that if a lime•sotl mixture can be mixed and 

compacted, diffuiion of the I ime into the larger soil lumps may be expected. 

However, to eliminate pulverization (along with mixing and compaction) and 

depend on diffusion alone to effect the translocatlon of lime might prove 

ineffective. For example, a penetration of 4 in. into a soil mass would 

take over 50 days, if kd s 0.36 in./day. 

Current Appl icatlons of Lime in In-Situ Stabilization 

A number of agencies have reported the use of lime to treat in-situ 

fine-grained soils. T\,p() techniques -- drilled-hole and high pressure 

injection -- have been the most common procedures for introducing the I ime 

into the in-situ fine-grained soils. However, a laboratory study has been 
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reported (47) where an electrical potential was applied to a soil mass to 

Increase the rate of lime migration. 

a) Drilled-Hole Lime Apollcatlons 

(I) Procedure 

Drllled•hole llme stabilization is a technique that has been used 

rather extensively to treat In-situ fine-grained soils. The degree of 

success derived by using this procedure has been quite erratic, however. 

The technique bas lca11y items lsts of Introducing quick or hydrated I lme 

Into a soll mass by placing the lfrne In holes drilled in the soil mass. 

Once placed In the holes, the lime (usually hydrated lime in a slurry form) 

mfgrates or diffuses Into the soil system thereby Initiating the I ime•soll 

reactions previously discussed. If sufficient migration or diffusion 

occurs, It Is possible that the properties of a sizeable quantity of the 

soil mass around the drilled hole will be improved. However, 1 lme migra

tion or diffusion ls a very slow process and substantial time may be 

required before a substantial quantity of soil ls affected. 

The drllled•hole technique has been used for remedial measures and in 

new construction. A number of hlgtMay agencies (102,103,104,105,106,107, 

108,109) have used the drilled-lime technique to treat In-situ embankments 

under pavements. A minimum of disturbance to the pavement results since 

only small diameter holes spaced at ~Ide intervals are needed. 

In hlgtway and slope stabllfty applications, small diameter holes 

(6 to 12 In. diameter) are advanced into the soil by using suitable 

apparatus such as a power post-hole digger equipped with a continuous flight 

auger. In hlgtway app11catlons, provision must be made to construct a hole 

In the pavement structure in order to gain access to the subgrade. Typl• 

cally, the depth of drilled holes ranges from 30 to 50 in. In hlgtway 

embankments and up to 20 ft In slopes. The exact hole depth depends largely 

on the depth and nature of material to be treated. Typical hole spacings 

are about 5 ft center to center. 

After the hole has been made, It Is partially filled with either quick 

or hydrated lime. In some cases, water is added to the 1 ime in order to 
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create a slurry. However, dry lime (especially quicklime) is thought to act 
as a drying agent that absorbs soil mo isture, thereby reducing the moisture 
content of the surrounding soil. The use of a 1 ime•water slurry may, however, 

tend to increase the mobility of the lime since water acts as a medium for 
migration. 

Backfilling the hole and patching the pavement ts normally required . 
Both soi 1 (from t, , hole) and aggregate have been used. The backfi 11 should 
be tamped into the hole. The holes in the pavement may be patched with 
portland cement concrete or asphaltic concrete. 

i i) App 1 i cations 

The Oklahoma Higt'May Department (102) has reported numerous instances 
of successful use of drilled-hole lime to stabilize clayey subgrades. Suc• 

cess, however, has been reported in qualitative terms with 1 ittle physical 
or chemical data presented. The typical Oklahoma procedure consists of: 
I) drilling 9•in. diameter holes 30 in. deep; 2) adding 25 lbs of I ime per 
hole with additional water to create a slurry; 3) backfilling holes and 
patching the pavement surface. The center•to•center hole spacing has been 
varl~d, but 5•ft centers have been found to be the most practical. Typical 
costs range from $1.50 to $2.00 per hole. 

The Puerto Rican Highway Department has also reported (103) successful 
use of drilled-hole lime on three highway sections although no chemical or 
physical data were presented. Only a qualitative "giving good performance11 

rating was reported. The drilled-hole procedure was very similar to that 
reported for the Oklahoma Highway Department . The cost was about $2.30/hole. 

The Alabama Highway Department has reported (105) successful use of 

drilled-hole lime. The procedure was similar to that used by Oklahoma 

except the hole depth ranged to 20 ft In one Instance. In one application, 

the stability of a 11 quaky embankment" was Increased by drllled•hole lime. 

Although Alabama Highway Department personnel cannot explain why the proce• 

dure works, they are thoroughly convinced of Its benefits. Drilled-hole 

1 ime was also used as spot maintenance In Cherokee County, Alabama (105), 

where only dry lime was placed in the holes. Benkelman beam rebound 

deflection measurements (9•kip wheel load) were made on the test section 

prior to and one year after treatment. In most instances, reduced rebound 

deflections were noted. It was reported that the treated sections appeared 

to be performi~g satisfactorily. 
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Drllled•hole lime was used to treat 1.5 miles of hydraulically placed 

hlgtway flll on Route 148 in southern Illinois (108). Approximately 50 to 

100 lbs of lime were tamped into 30- to 50-in. deep holes. Six hundred tons 

of lime were used on the job; the total cost of the job (including resurfac

ing of the pavement) was $58,000. This application has not been highly 
successful. After one year, little change in the pH or calcium content of 
the soll was noted (108). Approximately 5 years after treatment, road signs 

adjacent to the section warned of "rough road. 11 

The Bureau of Reclamation has reported that their experiences with 

drilled-hole lime have proven unsuccessful (109). Likewise, a study (104) 

conducted by the Louisiana Hlgl'May Department in cooperation with the Bureau 

of Public Roads, Indicated the following concerning drilled-hole treatment 

of an unstable hlgtway embankment: 

I. Properties such as pH, calcl&Mn content, and plasticity Index, 

In general, showed little or no significant change; 

2. Dynaflect deflection at 8 ft either side of the centerline 

showed no significant change; 

3. No Improvements were noted In vane shear strength data for the 

embankment; 

4. The rate of subsidence of the pavement actually Increased after 

treatment; and 

5. After one year, no apparent lime movement or pH change had 
occurred when the drilled holes were examined from a test pit. 

The drilled-hole lime procedure has been successfully used to arrest 
the movement of a slope In Des Moines, Iowa (13). Five hundred holes were 
placed to various depths (up to about 9 ft) on 5•ft centers. Dry quicklime 
was placed In the holes. An area 75 ft x 250 ft was treated with 20 tons 
of lime. The soil encountered was a glacial till overlain by Joess. After 
treatment, the treated portion of the slope ceased moving. One year after 

treatment, examination of the dri'I led holes indicated a 11pozzolanlc reac• 

tlon11 had occurred to a distance of one foot from the holes; unconfined 

compressive strength had Increased from less than 10 psi to an average of 
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17 psi. A pH of 8.2 to 8.4 was found in the area of the "pozzolanic" 

reaction. Normally a pH of greater than those reported are considered 

necessary for the classic lime-soil pozzolanic reaction indicating that 

possibly the strength increase was due to changes other than a pozzolanlc 

react ion. 

b) Pressure Injection Applications 

The Louisiana Hlgt-way Department has reported results (110) of a high 

pressure 1 ime slurry injection e)·.periment used on a section of Interstate 55. 

A lime-water slurry was Injected into the embankment on 5-ft centers to 

depths of 5, 10, and 20 ft. Three 44-ft x 50-ft sections were treated with 

0.5-percent 1 ime (dry weight basis) and three sections with l.5•percent 

'j ime. The Injector cons lsted of a tapered steel rod equipped wl th a 

mechanical sealing device at tte surface to prevent feedback during pres• 

sure injection. Injection was made every 8 1/2 in. of depth. It was 

estimated that during pressure injection that 2 to 30 percent of the lime 

slurry was lost at "breakout" points. During the injection a definite 

bulging of the soil near the injection point was noticed. 

Both disturbed and undisturbed samples were taken of the embankment 

sections at one month, 2 years, 4 years after Injection. The samples were 

taken approximately one foot from the injection holes. Inspection test 

pits were also d.ug at tne Injections ltes. 

A number of observations were made from a visual examination of the 

soil around the injectior,. holes (110). The llme distribution was stratified 

In nature. It appeared that the high pressure method operated by creating 

enough pressure to physically tear the silty soils apart and force the 

slurry in the aperture thus formed. However, In the heavy clayey soils, no 

tearing was evident; rather it was assumed that a bulging of the soil had 

occurred. After the 4-year .perlod It was estimated that approximately 1/2 

to 1 1/2 In. of lime migration had occurred. It was found that the outer 

part of the 1 ime seam consisted of a hard, white material which was assumed 

to be calcium carbonate. It was found that there was no active lime avalla• 

ble in the lime seam after the 4-year period. Statistical examination of 
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test results (Atterberg limits, pH, and available CaO) on the disturbed 

samples Indicated that no definite lime movement in the soils had occurred. 

However, there was a trend toward higher pH In the soil. There was no 

general tendency for Increased unconfined compressive strength. It was 

found that little If any lime was distributed into the heavier clayey soil 

materials. In some of the silty materials, however, some lime distribution 

d Id occur. 

A high-pressure lime Injection procedure has been discussed In a recent 

Issue of Construction Methods and Equipment (April, 1969) (111). 

International Soll Stabilizers of Dallas, Texas, has devised a procedure 

whereby lime Is Injected under high pressure Into the soil by multi• 

Injection points. A hydrated llme slurry consisting of 2 to 3 lbs of lime 

per gallon of water and a surface active agent (wetting agent) at a rate of 

1 part per 1,500 parts of water Is Injected Into the soil. An injection 

rate of approximately 10 gals./ft of Injection and pressures ranging from 

200 to 600 psi with a maximum of 1,000 psi are used. The lime Is normally 

Injected at center•to•center spacings of 3 to 5 ft to a depth of up to 

10 ft although a normal depth Is 5 to 7 ft. 

The Injection rod Is a l•ln. diameter steel rod with forty 1/8•in. 

diameter perforations per rod. The Injector rod Is constructed so that 

water can be used to advance it Into the ground prior to lime slurry 

Injection. It was reported (111) that optimllTI pre$Sures used during 

injection are best determined in the field because of the variable soil 

conditions that may be encountered, Blowbacks are minimized by close 

control of the pressure. 

The cost reported for this I ime slurry Injection procedure (111) 

ranged from approximately $0.20 to $0.40 per sq.ft or about $1.80 to $3.60 

per sq.yd for a typical 5· to 7•ft depth of treatment or about $0.90 to 

$1.80 per cu.yd of treated material. 

The results of a high-pressure lime slurry injection experiment on 

U.S. 422 In west central Pennsylvania have been reported by Lundy and 

Greenfield (112). The materials that were pressure injected with the 1 ime 

slurry consisted of a 6- to 8-ft layer of post glacial AASHO A-7-6 clayey 
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soil with a cohesion• 1,200 psf and a 60-ft layer of soft, wet varved 

clayey silt glacial mat.erial classified as an A-4(8) with a cohesion• 

200 psf. 

The procedure used to inject the lime slurry to depths of up to 20 ft 

was as fo 11 ows : 

A pressure of 300 to 600 psi was used to inject a lime-water 

slun-y (30 percent lime, 70 percent water by weight) to depths 

of up to 20 ft. The slurry was forced horizontally into the 

soil by a nozzle similar to the one shown in Figure 36. Injection 

was started at a depth of 18 in. and approximately 8 to 12 gals. 

of slurry were injected every 8 1/2 in. of depth as the nozzle 

was moved dowrMard. 

It is rK>ted In Figure 36 that the nozzle is tapered so that a self• 

sealing hole is formed as the nozzle is advanced Into the soil. It was 

reported the I ime s I urry "breakouts" occurred as far as 10 ft away from the 

injection hole. Lime slurry losses of up to 25 percent were reported 

during the pressure Injection operation (112). 

A sampling program was conducted after periods of 1 month, 3 months, 

and I year following the lime injection. Undisturbed samples were taken 

and trenches were dug to permit visual observation of the 1 ime slurry 

seams. After 1 month it was observed that approximately 1/4- to 1/2-in. 

migration of the 1 lme had occurred above and below the lime seams. A pH 

indicator (phenolphthalein solution) was used to facilitate determination 

of the extent of lime migration. After one year, approximately 3/4 to 

I 1/2 in. of lime migration had occurred above and below the horizontal 

seams. 

Results of the sampling program indicated that the lime slurry had 

easily penetrated the post glacial soil in consistent horizontal and vertl• 

cal patterns up to 5 ft from the injection holes. 

Results of the laboratory testing program indicated that a very 

nominal plasticity reduction had occurred in the post glacial soil deposits. 

Where complete lime migration had occurred, a significant shear strength 

increase had occurred, Figure 37. As shown in Figure 38, at approximately 
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INJECTION ROD 

LIME SLURRY SEAM 
(HORIZONTAL PENETRATION) 

INJECTION NOZZLE 

I 
MIGRATION 

(VERTICAL MOVEMENT) 

Figure 36 Schematic Diagram of a High Pressure Lime Injection Nozzle 
(From Ref. 112) 
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10 percent strain the deviator stress increased from 2,000 to 4,000 psf for 

the untreated specimens to 8,000 psf for the specimens which experienced 

complete 1 ime migration. However, where lime seams occurred in the test 

specimens no significant shear strength increases were observed, Figure 37. 

In the glacial soil deposit, the plasticity remained essentially 

unchanged. Shear strength increases of approximately twofold were noted, 

Figure 39. In addition, a much greater stiffness was observed from the 

1 ime treated specimens, Figure 40. 

Sifnificant observations concerning this lime injection job (112) 

indicate that a definite reaction and strength increase occurred in those 

areas where lime had migrated into the post glacial deposit. It appeared 

from visual observations that better lime migration had occurred in the 

glacial deposit than in the post glaciai deposit pQsslbly because of the 

coarser texture of the former. 

c) Use of an Electrical Gradient to Facilitate Movement of Lime 

The Louisiana HigtMay Department (47) has conducted a limited labora• 

tory study relative to permeating sandy clay, medium silty clay, and heavy 

clay soils with a 10 percent {by vol1.111e) lime•water slurry by imposing an 

electrical gradient upon the soil•water•lime system. The 1 ime slurry was 

placed in a trench between steel electrodes and an electrical gradient 

ranging from 0.75 to 2.0 volts/cm was applied for durations ranging from 

75 to 1,584 hrs. An evaluation of the study Indicated that no significant 

changes in engineering characteristics occurred. It would appear that 

little or no lime migration was effected. 

New Technique for Deep Layer Stabllizatlon with Lime 

The slow diffusion process is instrumental in drilled-hole or 

injection techniques as the method of lime translocation. Obviously, if 

the 1 ime could be mixed with the soil and mechanically distributed further 

into the mass from the lime source, then reactions could occur much sooner 

and a larger volume of soil could be improved. 
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Field application of such a technique, herein referred to as mixed•in

place, has not been found to be documented. Thus, no quantitative data or 

performance records are available. 

The end result of this technique would be a mixed-In-place lime-soil 

mass with minimal surface disturbance. Larger zones can be treated by this 

technique than with drilled-hole or pressure injectidn. The mixing would 

increase the availability of 1 lme to the soil and possibly allow for some 

flocculation/agglomeration. The soil would not, of course, be finely 

divided, and diffusion of lime into the larger lumps would be necessary to 

stabilize them. Concurrently lime would be diffusing outward into the 

undisturbed soil mass. Further discussion of the mixed-in-place technique 

can be found later in this section. 

Effect of Lime Treatment 

For a reactive soil system, 1 ime could be used to effect localized or 

zonal improvements. Significant increases in shear strength are possible, 

although they would be 1 imited largely to the immediate zone of treatment. 

Diffusion of the lime through an in-place embankment is a very slow process. 

The added benefit of mixing the soil and 1 ime together is not currently a 

reality for stabilizing in-situ subgrades. 

The mixed-In-place technique appears promising. Some mixing is possi

ble and larger zones can be treated while still restricting the size of 

opening made in the pavement. If the lime-soil mixture could be adequately 

compacted to avoid pavement subsidence, then a fan-shaped cluster of zones 

could be treated at each point. The success of the scheme would still 

depend on the diffusion of 1 ime, although not to the same degree. 

Cost of Lime T -atment 

The cost of treating fine-grained in-situ soils with lime typically 

ranges from about $1.50 to $2.00 per hole for drilled-hole lime and $0.90 

to $1.80/cu.yd of treated material for 1 ime slurry injection. 
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NEW DEEP LAYER STABILIZATION SCHEMES 

Introduction 

Stabilization of in-situ subgrades below existing pavements (deep 

layer stab ii ization) is a relatively new concept. In order to effect 

adequate stabilization under the restraints inherent in deep layer stabili• 

zation, i t may be that conventional stabilization procedures will not be 

satisfactory. The development of new procedures and techniques may be 

necessary. In this section, a number of new deep layer stabi I ization 

schemes which may have some potential are briefly discussed. 

Mixed-in-Place Procedures 

In deep layer stabilization applications, conventional one-pass 

sta~il izers, pulvi-mixers, etc., cannot be used to accomplish intimate 

mixing of the stabilizer and soil. In order to accomplish mixing in deep 

layer stabilization work, a method that provides subsurface manipulation 

with a minimum of disturbance to the pavement structure is desirable. 

Various schemes for accomplishing subsurface stabil izer•soil manipulation 
have been tr i ed. 

Mixing of cement grout and soil to form pile-like grout columns is a 

relatively common procedure. lntrusion-Prepakt, Inc., has a patented proce

dure in which the cement grout is mixed with the soil by employing a section 

of continuous flight auger or a mixing blade with grout outlet ports in 

the lower end and a hollow stem, Figure 31. As the auger or mixing blade 

is advanced into the soil, a controlled quantity of grout is pumped through 

the hollow shaft and distributed through the outlet ports. A number of 

field applications of the Prepakt procedure have been reported (88). A 

typical stress-strain curve and a plot showing the influence of amount of 

injected grout on the compressive strength of a fine-grained wet soil mixed 

with Prepakt cement grout are illustrated in Figure 32. 

Another scheme that might be used is a modified version of an under• 

reaming apparatus. A conceptual schematic diagram of this apparatus is 

shown in Figure 41. In the "folded-in" position, it is possible for this 

apparatus t o be placed through a hole as small as 6 in. in diameter. In 

1 I 8 

., 



Hbdiig 
Blade 

t 
Up and .Down 
Thrust Provided 
by Ori II Rig 

! 

I 1 

' ' 

Ho) low Dri 11 
Stem 

Two Direction 
Rotation Ability 

Mi xi ng : • : B I ade 

'"·"' 

Folded-In Position 

Figure 41 

Fanned-Out Position 

Note: Mixing blade may be positioned 
and held In the fanned out 
position by either mechanical 
or hydraulic means. Grout ports 
in the mt.x I ng b 1 ade a J I ow 
injection of fluid stabilizer. 

Conceptual Schematic Diagram of Apparatus for Accomplishing 
Mixed-In-Place Stahl llzation Below Pavements 
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the 11 fanned-out 11 position, mixing and blending of a column of material up 

to three times the folded-in diamet er might be accomplished. This appara

tus might be equipped with a hollow stem and blade pipes so that stabilizer 

can be pumped into the soil zone being manipulated. 

Conceptually, various degrees of mixing and manipulation might be 

accomplished with these types of apparatus. The rate of advancement of the 

mixing head could probably be used to control the degree of mixing and 

manipulation accomplished. Figure 33 illustrates the influence of the rate 

of advancement of a Prepakt mixing blade on the compressive strength of a 

Prepakt grout-fine-grained, wet soil mixture. In some cases, it might be 

desirable to effect an intimate blending of the stabilizer and the soil 

while with active stab ii izers such as I ime it might be satisfactory to 

effect something less than intimacy and depend upon self-diffusion or 

migration for further stab ii izer movement. 

The angle of advancement of these types of apparatus could be con

trolled so that not only vertical columns or zones could be placed but also 

columns or zones at various angles from the vertical. 

This mixed-in-place scheme could be used to distribute 1 ime, cement, 

or chemical stabilizers. 

PneumaGopher(a) 

A procedure which might be used to facilitate introduction of stabil i

zers (I ime, cement, chemicals) into the subgrade under a pavement without 

disturbance to the pavement surface is the PneumaGopher. With this appara

tus, it is possible to enter the subgrade from the side of the pavement and 

create horizontal cylindrical tunnels of 4 to 6 in. diameter (113). 

Stabilizers could then be forced into the cylindrical tunnels to effect 
zone improvements. 

The PneumaGopher (113) is a missile-shaped, subsurface piercing tool, 

designed with a bit in the nose and powered by compressed air. It is 

(a) 
A patented apparatus (Pat. Pend. No. 3,137,483); manufactured by 
Schramm, Inc., West Chester, Pennsylvania, 19380. 
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capable of piercing holes from 3 3/4 In. up to 5 7/8 in. in diameter for 

distances of 100 ft or more. An air compressor capable of providing work

Ing pressure of 90 psi and a volume capacity of 60 cfm is required to 

operate the PneumaGopher, Rapid hammer blows (600 per minute) from an 

Internal piston against the base of the bit, force the PneumaGopher forward 

through the earth leaving in Its wake a clean, compacted hole. The hole ls 

created as a result of compacting the surrounding soil. Soil composition 

will vary the speed of the tool from one inch per minute in hard cemented 

soils to four feet per minute in sandy soils. A level is often used when 

starting a PneumaGopher In order that correct aim is obtained. Deflection 

off the initial line may be caused by rocks, roots, etc, Soft, wet, or 

rocky soils will limit the use of the PneumaGopher. 

By using the PneumaGopher, it is not necessary to disturb the pavement 

surface. For a typical job, only two access pits are required, an entry 

pit long enough (about 5 ft long) to start the tool; and a second pit large 

enough to retrieve the PneumaGopher (113). 

Water Cannon 

A new technique for tunneling in rock has been developed (114). The 

technique basically consists of shooting a stream of high velocity water 

against the rock to fracture it. The water is compressed in a nozzle 

chamber by a gas driven piston until extremely high pressures are attained 

(up to 300,000 psi) and then the water is released through a jet in the end 

of the nozzle, Figure 42. In the pulse sequence, energy is stored in the 

nozzle for one second and then the water is released in 10 milliseconds, 

By using an annulus cumulation technique, pressures up to 5 million psi 

have been produced (114). 

By using a technique such as this, it might be possible to impregnate 

the subgrade of a pavement system to a considerable distance by high pres

sure jettings of a liquid stabilizer (cement or chemical grout, 1 ime, etc.) 

either vertically through a very small hole in the pavement surface or 

radially from a vertical auger or injection hole. 
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Shaped •nnulu1 ano shock wa11e create high-intensity 1et . 

Compre11ed 1111, 01ston ram water through nozzle in jet. 

Figure 42 Schematic Diagram of Water Cannon (From Ref. 114) 
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High-Pressure Impulse Injection 

The use of high-pressure stabll lzer Injection below pavements is 

normally I lmlted by overburden. Grouting pressures as high as 600 psi have 

been used to Inject lime-water slurries into fine-grained soil embankments. 

However, with Injection pressures of these high magnitudes, blowouts of the 

embankment are frequently experienced. When the blowouts occur, this pro

vides a path of low resistance through which stabilizer (grout, lime 

slurry, etc.) can easily flow and as a result, additional pressure grouting 

will not Improve distribution of the stabilizer within the soil mass. 

In order to minimize the formation of the undesirable blowouts, a high 

pressure cyclic impulse type injection procedure might have merit. In this 

procedure, a short impulse of high pressure would be applied followed by a 
period of reduced pressure • 



SECTION V 

EVALUATION OF THE DEEP LAYER STABILIZATION 
POTENTIAL OF VARIOUS PROCEDURES 

INTRODUCTION 

The basic objective of deep layer stabilization is to substantially 

improve the stability of fine-grained subgrade soils beneath existing pave• 

ment structures. ANL has indicated that the stabilization technique 

developed should be capable of increasing the subgrade strength from a 

typical in-situ condition of CBR 2-4 to a strength equivalent to a CBR 20 

subgrade, corresponding to an equivalent unconfined compression strength 

increase of approximately 75 psi (1). Thus, the basic criterion used in 

evaluating various procedures should be stability. If a particular stabil i· 

zation procedure is not capable of providing a substantial stability 

increase to the fine-grained soil, then it is obvious that the procedure is 

unsatisfactory. However, if satisfactory stability improvement can · be 

effected by the stabilization procedure, the potential of the particular 

procedure may be controlled by other considerations such as cost, con

struction considerations, permanency of treatment, etc. 

EVALUATION OF PROCEDURES 

In order to facilitate evaluation of the potential of various deep 

layer stabilization procedures, Table 9 has been prepared. This table con

tains a summary of pertinent characteristics of various stabilization 

procedures and is based on the discussion contained in Section IV. It 

should be noted that much of the information contained in Table·9 is quali· 

tative in nature although quantitative data have been included where 

possible. 

From an examination of available data (laboratory and field) concerning 

stab ii ity improvements, it is concluded that the electrical methods 

(electro-osmosis and electro-chemical) are not capable of providing the 

magnitude of stability increase required for adequate deep layer stabiliza

tion. The various stability data indicate, however, that cement and 
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chemical grouting and lime procedures (drilled-hole and pressure Injection) 

may be capable of providing substantially increased stability. For these 

promising procedures, the exact nature of stability improvement is con

trolled by a number of factors. 

Examination of various construction considerations, Table 9, of those 

stabilization procedures which appear to satisfy the stability improvement 

criterion reveals that cement and chemical grouting and 1 ime procedures 

require moderate treatment time, cause a moderately high to high degree of 

pavement disturbance, and create a substantial amount of disruption to the 

use of the pavement. 

Typical pressure type grouting equipment is required for the cement 

and chemical grouting and high pressure 1 ime injection procedures. A 

capability for higher pressure is required for the latter procedure, 

For the chemical grouting procedure special equipment may be needed to 

handle the chemicals involved. Intrusion cement grouting will require 

special equipment similar to that pictured in Figure 31, In addition to the 

grouting equipment. Drilled-hole 1 ime can be accomplished with probably 

the minimum amount of equipment. 

An examination of cost data reveals that chemical grouting may be 

quite expensive; the cost involved may range from $25 to $100 per cubic 

yard of treated material. The literature indicates that the costs involved 

with the cement grouting are substantially less, typically ranging from $8 

to $15 per cubic yard of treated material. Drilled-hole 1 ime literature 

indicates that the typical cost ranges from $1.50 to $2.00 per hole which, 

on a cubic•yard•of•treated•material basis, would be significantly less 

costly than any of the other procedures. Pressure injection lime litera

ture indicates that the typical cost ranges from $0.90 to $1.50 per cubic 

yard of treated material which is also substantially less costly than other 

procedures. 

As indicated by Table 9, the region of stability improvement provided 

by cement and chemical grouting and 1 ime procedures is a zonal improvement 

area. Zone•type improvement is a result of the inability of the stabilizers 

involved to permeate or diffuse to any great extent in fine-grained soils 
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within a reasonab1e 1ength of time. Techniques for increasing the region 

of zone improvement of the conventional procedures discussed above (cement 

and chemical grouting and 1 ime procedures) would obviously increase their 

potentla1. A number of new concepts and/or techniques which might have 

potential when used in conjunction with conventional procedures have been 

discussed In Section IV. The mixed-in-place concept might be used with 

cement, chemica1, or 1ime stabi1izers to increase the size of the treatment 

zone over that accomp1 ished by drilled•ho1e or pressure injection. Simi-

1ar1y, the 11water cannon" or high pressure pu1se injection techniques could 

be used to Increase the size of the treatment zone. The 11 PneumaGopher 

scheme' might be used as a procedure for introducing stabilizers into zones 

In the subgrade soil without causing disturbance to the pavement surface. 



SECTION VI 

CONCLUSIONS 

Final evaluation of the potential of a particular promising procedure 

should be deferred until further studies (theoretical and/or laboratory 

experiments) are conducted concerning: 

1. Determination of the minimum quantity of stabillzer(s) required 

to effect the desired strength improvements. 

2. Evaluation of stabil lzer 11distribution effects" and their 

influence on strength development. It Is highly improbable that 

"uniform stabilizer distribution" can be obtained under field 

cond i t ions • 

3. Determination of the extent to which soil structure and accompany

ing strength changes can be effected within an in-situ soil mass 

without the benefit of mixing and manipulation of the stabilizer 

and the so i 1 . 

4. Identification of those factors that control stabilizer movement 

in the in-situ mass. Typical factors will include soil type, 

phys i ca 1 properties, chem i ca 1 properties, mi nera 1 og i ca 1 proper·· 

ties, nature of stabilizer, in-situ properties of the soil mass, 

injection pressures, etc. 

5. Development of qualitative, and if possible quantitative, 

characterizations of the phenomena associated with stabilizer 

movement in the soil mass. 

6. Evaluation of the Influence of the following factors, If appro• 

priate, on the effectiveness of the selected technique(s): 

a. time, 

b, temperature, 

c. moisture (degree of saturation), and 

d. freeze-thaw. 
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